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"l'hc reaction o f  ant imon)~l l  | )  halidcs. SbX3, ~ i th  L~vis b a ~  has been studied 
calorimctrically in 1.2-dichloroethane solution. The O-donors.  PhaPO, MezSO and 
p_vridineoA"-oxide, form I : I adducts  mo.~t!y o f  high stabili ty but with small enthalpies 
o f  formation.  Phosphines also form I -+ I adduc:so though PBuj  ~vc~ both  SbCI jPBuj  
and SbC1j(PBu3),+" diphosphines are unidentate but some of  the complex di- 
pho~phinc (5bCI3): is foJ i~Jed when SbCI~ is in excc~+. Aromatic  a m i n ~  form ! : ! 
adducts  o f  moderate stabili ty (100 -~ K -~ 25430 1 mole-  t) with rather  laro_e enthalpies 
o f  formation,  mostly about  100 kJ m o ~ -  t. Heterocyclic bamL's form ~ r y  stable I : I 
adduct$ (K > I0 s ! mole-m) with enthalpies o f  formation around 90 kJ mole-t.+ a 
second molecule o f  base can also be added with K,  ~ K~ and --JH--" -~ -~JH~ ++. 
Enthalpies o f  formation o f  adducts  with ~2°-bipyridine and I~ 10-phenanthroline are 
l e<~ than those o f  I "- ! adducts  with p~idine_ 

Aliphati¢ amine++ and ~4,6-trimcthylp)_-ridine form adducts  o f  the type SbX3B 3 
of  very high stability with enthalpies of  formation about  250 kJ mole -w There is 
some evidence that  in these adducts  the base is coordinated to halogen rather than 
ant imony.  

! N+T!tI3DUCr!O~ 

Although there h a w  been many  stud;.es o f  the Le~,is acidity o f  an t imony penta- 
chloride and  addit ion compounds  with  a ~ r i e W  of  bases have been isolated t, there 
have been relatively few such studies o f  a n t i m o n ~ l l i )  halides. Complex fluorides are 
known with the an ionsSbF~-  z and SbF~-'- ~ and  crystal structure+; have been reported 
for theaddi t ion  compoundsSbF3(4-methoxypyridine-N-oxide)_- ~ and SbF3(Ph3PO)- s 
in both o f  ,vhich the an t imony  has  f.quare-pyramidal stcreochemistry with an  apical 
fluorine and  the sixth octahedral  site occupied by the - l o n e -  pair  o f  non-bonding 
electrons- A similar a r rangement  occurs in SbCIj( l .4-di thiane) ,  where two S a toms 
from different di thiane molecules complete a 5+coordinate square-pyramidal  arrange- 
ment  with the " lone"  pair  o c c u p ~ n g  the sixth site ++. 

In the addit ion compound  (Sbl3)_, di thiane,  on  the other  hand.  lhe two S a toms 
o f  the  di thiane are coordinated to  two different Sb atoms,  each o f  which becomes 
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4-coordinate; the ~cometry round the antimony is tri~onal-bil~-vamida! with the S 
atom occup~ng an a p i ~ l  5itc and the " lone-  pair occupying one of  the equatorial 
sites ~. This mrran-~nment also occurs in ~ - I , - P h N H :  s- and in the arsenic compound 
AsCla-NMc~.  Various solid addition compounds of  AsC!a and AsBr~ with ~2"- 
bil~j]r idi~, I,lO-pbenanthro!inc and tetrar,~.'lh)'l-o-phcn)-Icnediaminc arc knoxx~, but 
their slruclums rc~n~in und~ermined s°_ In the addition compounds xx-hich SbCI~ 
form~ ~i th  thc hydro~rbo~_ phcnanthrcnc s' and i ~ n ¢  'z the pyramidal shapc o f  
$bC1~ is pre~rved and the ant imony appears to be coordinated to the side of  the flat 
hydroc=rbo~ sug_~sting interaction ~xith the aromatic ~-s_x~tem. 

It is cge~tr from the x-arious reported s t ruc tur~ that the antimony atom in the 
ha l id~  SbX~ (X ~ CL Br or I) b ~  l.e~is acid properties, xx-h~ch may be exhibited 
either in the usual a~ay by the formation of  ligand ~,- antimony o'-bond~ with ac- 
comiPanvinf incrca~ in t l ~  coordination numl~r  of  the metal atom to 5 or 6, or  by 
intc~ct ion ~'ith the :t-system o f  an aromati~ hydrocarbon. Yet another form o f  
l ~ x i o u r  is shox~n in the addition compound of  an t imon~l  ! I) iodidc with ~lcnlcntal 
sulphur. Sbl:~(S~)~. In this compound each of  the ~ molecules is bound to thc Sbl~ 
molecule by tll~ c l o ~  approach o f o l ~  Sa tom to each of  I atoms '~. Though the S=l 
d~ tam:~  am~ Ir~th~ lar~ ' r  than would be expccled for simple cox~lcnt bonds, there 
se~nm l i t tk  doubt ;hat this must he considered a Lcxx-is acid=base complex in which 
the iodin~ altoms act as lewis  acid centrcy,,, possibly because the bulky Sm molccul~ 
can not gain adequate access to the Sb atom. 

In lhLs paper we report calorimetric studies o f  lhc rcaclions o f  SbCI~, SbBr~ 
and Sbl 3 vAtth a 'variety o f  Le~_'~ bases, includin~ some O-donors. phos_ p h i n ~  _hetero- 
c~:clic ~ =tad aromatic and aliphatic amines_ A l l  reaction_~ ~x~re carried out in i.2- 
dichloroethane as solx~nt, after conductixity experiments had shoxx~ that the solx'cnt 
did not reactt with the ~ under the experimental conditions used. Thc re~_ ulls show 
a aide ran.ee o f  reaclion stoichiometrics and sug=~st that some o f  !he ha.q~ coordinate 
to the Sb atom and some to the halo_..-'ens. 

EXPI~IMI~-rAL 

Antimon~tlHI chloride u ~  purified by d't~.tillation in vacuo, ant imony(I l l )  
bromide by sublimation in vacuo and antimon~OII) iodide by Cl~.stallisation from 
toluene_ All operations invohin~ handling of  the _halides x,~-re carried out in a dQ- bag 
filled with d ~  nitro_.~cn. The m c l h c ~  o f  preparation and purification of  phosphincs 
have ~ ckscribed pr~iou~lyl ' t ;  triphenylpho~phir~ oxide was purified by cr~:tal- 
lisation fromn ethanol, dimethylsulphoxidc by di~tilhtion in ,,~cuo and p ~ d i n c - A ;  
oxide by sublimation in ,,-~cuo. l iqu id  nitrogenous bases were redistilled: !2" -  
bip~'ridine and 1.10-phenanthrolin~ h~--nihvdvat¢ were rccr)~'talli~! from ethanol and 
the hemihydrate was then dehydrated by azeotropic distillation ~xith toluene before 
making up i ,  solution. For  use as sol~,~nt 1.2-dichloroethane x~-as dried with anhydrous 
sodium solpl~te,  distilled and collected o ~ r  a molecular s i ~ ;  it x i ~  u s ~  within two 
da)~. l ~ n g  stored in the dark and shaken immediately before use with anhydrous 
p o t a ~ u m  ~arbonate to remove traces of  HCI which mio~ht be present. 
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C o n d u c t l n ~ r i c  t i t r a t i o n s  u,~.r¢ c a r r i e d  out  using a Philips model  PW 9S~kt con-  
duclivity bridge at 30.0 ~ 0.2 ~C with a conducli~-ity cell specially adapted to exclude 
atmospheric  moisture- Calorimetric li trations were carried out  in a LKB 8700 Iritation 
calorimeter,  us in[  the technique and precautions pre~ionsly described w~. Briefly, a 
solul ion o f  the base ~ t s  added in inercments to !00 ml o f  a solution o f  the an t imony 
halide and  Ihe heat change measured after each addit ion.  Control  tilrations were car- 
ried out  to determine the heat o f  dilution of  the titrant solution and thermo~_ran~ 
conslrucled by plott ing the corrected, c u m u l a t i ~  heat o f  reaction a ~ i n s t  the total 
ba~e concentration.  When  the reaclion x~s  quantitative: and no  further change oc- 
curred at  the end o f  the titration, the enlhalpy o f  reaclion x~s  calculated from the 
total, correcled heat  change. When the reaclion ~ s  incomplete at the cad o f  the 
titration and  a I : I adduct  ~ formed,  the adduct  formation constant  I~L~ calculated 
at each ex p e r im ~ ta l  point after the enthalpy o f  reaclion had been estimated by extra- 
polat ion;  the enthalpy ~t.~ then refined iterati~-ely until constant ~ l u e s  o f  K were 
c~tained throughout  the titration. In ~ ~-hcrc ~he rcaclion ~ t s  incomplete and the 
data did not fit the expre~ions  for formation o f  a I : 1 adducl,  o ther  possible stoi- 
chiomelries ~t~re tried until a ~ [  o f  computed thermograms ~ s  obtained which fitted 
the experimental results- 

For  quanti tat ive reactions the entha!py ~ s  usually reproducible ~tithin ~ 2 ~ .  
though ~ t e m a t i c  e r r o ~  probably make  the thermod)anamic data rather less accurate_ 
In the t a b l ~  o f  data uncertainti¢~ in _IH" are mean deviations from the a ~ r a g e  o f  at  
lea.st three determinations.  For  reactions in which a I : I adduct  is formed incom- 
pletely, A H  ~ is the a~-erage o f  at !ea.q three determinat ions:  K is the average o f  at least 
three determinat ions and  uncertaintie~ in K are the sum o f  the mean deviation from 
the a ~ r a g e  and the average standard deviation in the individual titrations. Similar 
principles are applied to systems with other  stoichiometries. Uncertainties in .dG" and 
~ $ '  are derived. 

RI~SUI.I~_ A N D  D ~ O ~  

The rcaclion o f  phosphines or  amines l~ilh alkyl halides is known to lead to the 
formation o f  quaternary salts, but the reaction is slow compared ,~ith acid-base 
reactions. Conducl imelr ic  studies ~ r e  carried out and showed that  no  significant 
conducli~ity could be o b s e r ~ l  in dilute solutions o f  any o f  the bases used in 1,2- 
dichloroelhane or  at  any 51age dur ing the titration o f  the~e solutions into solutions o f  
an t imony( l iD halides. This shows that  under  the experimental condit ions not  only is 
the formation o f  quaternary salts by reaclion o f  bases ~ i th  solvent too slow to inter- 
fere~, but also that  any free hydro~een halide, which might result from hydrolysis o f  
ant imony halide by traces o f  ~ t e r ,  is too low in concentrat ion to cause significant 

Oxt?gen donors 
Titrations o f  solutions o f  the three oxygen donors,  pyridine-N-oxide, triphenyl- 

phnsphine oxide and dimethylsulphoxide, into solutions o f  ant imony(I l l )  halides in 
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1,2-diddoroc, thanc showed ~ i ~ - c  format ion o f  I : I 
steps 

B + SbX+ +:: B-$bX~ 

B + B-SbX:, -~ B.SbX+, 

and 2:1 adducts  in distinct 

( I)  

(2) 

• d l h  - - J / / : "  i i t t l¢ l e~_ +~ t h a n  + . l f l .  ~ a n d  K .  -+~ K,. D a t a  fo r  l h c ~  rcacl ions a r c  g i v e n  

in  T a b l e  I .  ~ lypic=l  t i t r a t i o n  c u r ~  ~ 5hm~n  in Pip .  I .  

I n  + ~ v  oI~ ILe k n o w n  s l r u ~ u r c  o f  s i m i l a r  -~dduct5 sx'ilh $ b F +  [4.5] it i~ r~L~onable  !o  

p r o p o s e  t ha i  I h ¢ ~  O-dono_r~ a r c  coord ina lcd  Io  Sb. ~ivin~ coo rd ina l i on  numl~cr,~ o f  
f o u r  and f i~_ 

TABLE I 

I++I'i!~"~I~ ,.mtml,.L'"IT~ ~T ~tOt "¢- 

X ~m 

lP~'mjIPO 0 - - 
mat .~- t~ 
I ~ 6 0  ~: 60 

! 2 7 ~ _  $ 
~-~o (1 -- !o" 

l :+- IO ~ 

!:S .:+ I " ~  ~ . ~  19 ~ 2 

49 " ~ ; N 47L~4 
69 ;- ~_ !39 ~ I0 34 ; :  4 

7) s 2 3 4 
I~lle5 b~se ills- nm~ ~ox) 

Fq~- I. Calor~mdrk: titration ofantim~n.v(lll) ~ vdth Lc~-i5 ~ in l.?.s-dkchlorc~-ill,~n¢ solulJon 
;1130  +C 
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P I m ~ p h i n e x  

C a l o r i m e t r i c  t i t r a t ion~  o f  s o l u t i o n s  o f  t r i b u t y l p h o ~ p h i n e  i n to  ~ l u t i o n . ~  o f  

a n t i m o n y ( I l l )  c h l o r i d e  w e r e  s i m i l a r  t o  t h o ~  o f  t he  a b o x ~  O - d o n o r s :  first a !-  I a d d u c t  

xx~_~ f o r m e d  quan t i t a t iv©ly ,  t h e n  a s e c o n d  m o l e c u l e  o f  P B u 3  a d d e d  t o  f o r m  a 2 :  I 

a d d u c t  o f  h igh  s t a b i l i t y  (Fig_ I) .  W h e n  o n e  o r  m o r e  o f  t h e  b u t y l  g r o u p s  in P B u 3  w a s  

r e p ! a c c d  b y  p h e n y l ,  a d d i t i o n  o f  t h e  s e c o n d  m o l e c u l e  o f  p h o s p h i n e  w a s  n o  l o n g e r  

o h ~ r v e d .  A s  t h e  n u m b e r  o f  p h e n y l  g r o u p s  i n c r e a s e d  t h e  ©nthalpic~ o f  a d d u c t  f o r m a -  

t i on  a n d  a d d u c t  s t ab i l i t i e s  b o t h  d c c r e a ~ ' d .  D a t a  f o r  t h e s e  r e a c t i o n s  a r e  g i v e n  in 

Table 
considerable decrease in emhalpy  o f  adduct f o r n u l i o n  as phenyl replaces 

buty l  parallels that previously o b ~ r v c d  for  reactions o f  ler l ia~" phosphincs w i th  
mcrcu ry ( l l )  halidcs ~'t and. to a Icss~r extent, organo-t in  h a l i d c s "  and L,~ e~idently an 
induct ive effect, which can he related to the Taf t  constants and basicitics o f  the phos- 
phine~. 

"]rilratlion~ were also c~rried out with _~,~'eral bifunctional phosphines, including 
bis(diphcnvlphosphino)n~thane (PCP). 1,2-bi-q'diphen.vlphosphlno)elhane (PCCP)  
and 1,3-bis(diphcnylphosphino)propane (PCCCP).  and with 1.2-dipheny!phosphino- 
diphcnylarsino-ethane (PCCAs}.  Emhalpics o f  formation o f  I : I adduces o f  SbCI j  
with all these compounds are similar to those o f  I : I adducts with Ph_,PBu. suggesting 
thal lhe bifuncfional bases heha~ only as unidenlate donors. This is confirmed by the 
a d d u c t  s t a b i l i t i ~ :  a d d u c t s  ~,.-ith P C C P  a n d  P C C A s a r e  o f  s i m i l a r  s t ab i l i t y  t o  t h a t  w i t h  

P h . P B u :  t h o s e  w i l h  P C P  a n d  P C C C P  a r e  r a t h e r  less  s t a b l e .  In  n o  c a s e  is t h e r e  a n y  

e v i d e n c e  f o r  c h e l a t i o n  a n d  t h e  d a t a  f o r  P C C A s  s u p p o r t  c o o r d i n a t i o n  o f  p h o s p h o r u s  

r a t h e r  t h a n  a r sen i c .  

TABLE ?. 

" I r l I I ~ Y ' ~ L ~ I I 4 1  + gI~LTA ff114~ IF"[I~LATIIt~ ¢)F 1 " 1 ,A.l)l)l~'~l'.'~ f lF ~ - ~ J t  vr.+'llll PI+II .+~."IE~ I.~ 1.2-r~'It+lll-Oltt~ 

[TIIA-~E gt tL3" i~.~ AT .]41) +dL" 

(1~ nx i y ~ t [ -  I _ l l r .  _ I G  + t x  I J  ~ t e -  l . I S "  I X  J K -  s x t n t [ "  w) 

Pleosphin~, X A" ~ .  !11+ ~+ I G "  -~. 15 ;  

PBu:~ = CI  * - I 0 "  i I " 5  ~ 0- I ~+- 23"~'J -~ _'95 

P h P I ~ :  C1 4~JO ~ 1300 I!0.0 ~ "~ 3 21-1 +.~. 1.0 29~; :~ 
Ph:PBu CI 2740 ~ 220 5-1.3 ~ Io0 _'20.0 ~ 0-3 113 :_~- 
Ph:PPr  CI 1930 ~ I-t0 51.O ~ "~5 19.1 ~ 0-3 i05 ~- 
Ph~tP CI 160 :~ 2 26.0 ~: I.O l~_.S ~ 0-1 44 

Br 19S ~ 24 3.~_S -~: I_0 13.3 ~ 0_3 ~ 
I $3  ~ I 30.  I :.~_: ! .0  ! I. I ~ O_ I 63 ~: 

P C I ~  ~ 6 0 0  ~ I 0 0  ~qD ~ Z 16.{) .~ 0-~; ! 12 ~; 
PC'CP b C! 2000 ~ 400 67 ~z 3 19.1 ~: 0.6 I~g : 
PCCCI~ 0 750 ~ 150 4g ~ 2 I~7  ~ 0.6 117 
PC"CAs C!  IS30 .~ .~iO 60.:5 ~ ~__S IS.9 ~: 0 - 6  137 _: 

Pl~=CP ~ CI $45 ~ 26 47.0 -~ 3.0 17.0 ~-: O. I 99 
IP~-C"lP'~r,,r'~zur Cll 912 .~ 45 27.5 ~: ~.~7 IZ!  ~: 0-3 34 

;t For PBu3: A'* :~ tO't. ~IH_~ * ++ 74_2 ~ 1.0- 
k ~ ll~tl. 

I 
4 
g 

4 
4 
4 
g 

12 
9 

I I  
I 0  
I 0  
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Fi~.. : .  l . 'ak~e~irn(l~'k- l i l r ~ l i O n  o f  S I , ( ' I ~  ~ i l h  ! . 3 - b ~ d ~ F I p h o ~ ' , h i n p l l ~ r o ~ r ~  i n  I . . ' . d i ~ h l ~ r o ~ - I h ~ n c  
~.~lum~.n ;~1 .',O ( ' .  I_r,~('l~l ! - ! 0  ~~ .%1 ¢ I : r od  -11 - IO = ~ .%1 ( ,~]L !)Oll~xl I m ~  , . '~ ,k 'uhl~ 'J  6 , r  I : I 
;z~u,clZ f o r n ~ l h , n .  K T.'~O L ~ = m .  ! ! !  - ~ l ,J .  ~ = ' : f u l l  l i~- '~  f o r  

P(.*( . 'CP : .Sb ( ' l ~  P C C C P - S b ( ' I ~  K - T . ~ O . _ I I I  . ~ :  

The stabili!i~; o f  adducts  wilh l h ¢ ~  b i func l io~ l  p h o s p h i n ~  are suffu:iendy high 
Ihal a sienifican! proport ion o f  the i : 2  adducc~ such as Cl~Sb ~- PCCP -~ SbCIj .  
might be expected early in the caloHmctric lilm!ion~ when SbC!j is in c x ~  It xx~s 
found Ihal belier f ib  o f  Ihe calorimelric data to compul~ l  lilr~lion c u n ' ~  xx-ere 
obtained if  allmx~no~ xx~ made for Ibis possibility (Fig. 2). The  b~t-fi t  r~u l l s  for 
each dipho~phinc ~ r e  as folloxx~ 

~-SbCl~ ,.~ PC'I~-SbC!:~ 
PCP-SbC'I:~ ÷ SbCI:. ~ PC~SbCID~ 
IPCCIP ~ SbCIj ~ IPCCIP-Sba:j 
PCCP-SbCi.~ -~ SbClj, ~ PCCP(SbC!j): 
IL~'CCP ÷ SbCIj ~ PC'CCP-SbC!~, 
P C C C P - : ~ " I j  ~ SbClj  ~ PCCCP(SbC!j) :  

w h e r e  K'i~ in  I m o l e -  ' and J H "  in U mole -  n 
Furlher confirmalion of  Ihe failure of  lhe ary~nic alom in IPCCA_x !o coordinale 

was provided by Ihe absence o f  any indicmion of  ~he formation of an adducz of  Ihe 
~ypc PCCAs(Sba~),, c ~ n  when 5bCl~ was in considcrablc cxccss. The rcsulzs 
obtained for t-/v- and Iran.~-I~-bi~-fdiphcnylphosphino~lhcnc (PC~CP) fall bclxx~n 
~hose for PCCP and Ph~P- lhere ix no ex~dence for chelalion or bifuncfional hehaviour 
with either iigand. 

K - ~  6 0 0 ~ . 1 t l  ° =~  5 0  

K ~--~ 1400~AH ° ~-67 
K ~-~ 7 5 ~ 0 ~ ! t 1 "  ~ 49 
K ~ 5 0 0  ~."-! I1" ~ "IS 

Aromatic ami~-$ 
Ar~mal~  amines are only di~hlly s l ron~r  proton ~ Ihan lelrlia~ pho~- 

p h i m  amcl there is lillle difft~rt~c~ in pK. Mwe~n PhNH_~. P h H H M e  and PhNMc. .  
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TABLE 3 
lllli.~t'Ptlt~%'~l~IMII4t-" D & T A  H t t"Pl~14L~t, l~ olF J : J A ~ ' ¢ " I ~ ;  CqF ~ l ~ X j t  S l l t l  +itceJ41~lrl~ A~IlI. '~.~ m'¢ | , Z  ~ -  

IJl: ~ I mm~La~- L _ I I I + _ _ I G '  ~ b s+neJ: ~ ~. _ IS "  t~: • K 

Am/~- X E =_ IH" ~_ IG' -~_ IS ~ 

p e t  " C~11,SI1¢ CI 3~T :~ 39 153.2 ~; 1.0 15.0 ~ 0.3 4.~ :_~ 5 
P I k ~ H :  C I  l l S  ;~. 4 110_4 ~_: !__~ I~_..O ._~ O.! 324  ~: 5 
! ' h ~ ! l M ¢  C!  7 !  ! ] ;  .~S 9 9 . 4  ~: 1.2 I ~ 5  :~; O.2 274  ] ;  $ 

1 213 ~ 19 $9 .~  ~ 4_9 1.1.5 _~ 0-3  22;I :: 17 

B r  ~ ~_: . '~  13~.O _--; 3.0 19.3 ~ 0 . 2  37~  ~ ! ! 
I 1 2 . ~  ~ I n  121Jg ~: 1.3 IS.O .~-0_1 .'~43 ~ 5 

P h C I I : N l l X l c  CI  2 l i f o  P; 4 9 0  313 _;: 2 19.4 .~ 0 . 7  9 7 0  _~ I 0  
B r  l~J3+l ~ I0~  J.1,..~ _:; 2 I [ 9  m. 0 - 2  IO-lO --: St 

Like phosphincs these b a ~  !'ormcd ! : I adducts  ,,-hh an l imony( l l l )  halide~ in 1.2- 
d ichloroc lhanc  solut ion:  there was no c~-idcncc for lhe formation o f  adducts  o f  the 
lyllc (SbX3}3base. ~x'hich hax~e previously bccn reported to occur  in solutions in 
dicthyl ether  t=. Thcrmod~Tnamic data  for the formation o f  the I : ! adducts  arc  given 
in Table  3. 

Enlhalpies o f a d d u c t  format ion are considerably larecr  than tho~c o f  analogous  
phosphines,  sug~,~ tin~ thai the an l imony  in SbX~ is a relatively " h a r d -  Lewis acid 

centre.  There  is lil!le difference in the enthalpics o f  formation o f a d d u c t s  I~ilh PhNHz .  
P h N H M e  and  PhNM©,.  l h o u f h  there is a marked increase in adduct  slabilhy as Me 
replaces H. This  evidently is an  ent ropy effc~ct and may perhaps be a l t r ibuled to 
restricted rotal ion about  the Sb--N bond due to weak interaction belwcen the N - H  
and  CI ~ i th in  the molecular  adduct .  Short  intcrmolccular  N - H  .... CI distances occur  
in cr)~lall inc SbCI3PhNH,  i ,  indicaling the possibility o f  weak hydrogen bonding,  but 
the angles a re  no! correct  for any  e_xocpt the weakest in t ramolccular  i n l e rad ion  o f  

this t } , ~ .  
Substi tul ion ofp-cthy lani l inc for  anil ine increased both the enthal W o fadduct  

formal ion and adducl slabilily." this is presumably a direct result o f  increased base 
slven~lh. The much weaker bases P h , N M c  and PhjP~ gave no evidence o f  adduct 
formation_ 

tle!tror.t'rlic basts 
I~Tidinc and Ihc three picolines all reacted ~,ilh SbX j  in 1,2-dichlorodhanc in 

a similar manner; the calorimetric t i t rat ion results ( F i ~  3) arc best interpreted as 
repre~r~nting quantitat ice format ion o f  i : I adducls (K  T~- 113P ! mole-  m). fol lowed by 
addit ion o f  a second molecule o f  base to give 2: I adducls orh igh stabil i ty 

SbX~ ~ B ~ SbX~-B 

SbX~-B ~ B ,= SbX3B z 

and  Ihc rmodynamic  da la  for lhcs¢ reactions a rc  given in Table  4. 



276 

- ! 

z } " 

- 0  ~ *~ ~. 

FI~.. 3. Cak)rilnt'tlrl~ lilr41k:mJrl ofSbX;~m~lh lt~l~'ro~-~lk ~ in 1 . 2 - d i , ; h ~ l ~  _rtc ~oluziQ, n ;It  30 -C': 
( I )  Sbljc++4-raci~. 412) .~ll~'l . ' ] - I ~ 1 . ' .  13) .S;b4~j..'It~.'. 14) :SbBr~ :phc~  1 5 1 S ~ . ~ b i p . . v -  

T A B L E  4 

3~l[ILs~rtPV~41t- ~ T ~  Ft ! t  : s ~ ' ~ l :  &rmmPlr!m~ o f  T~-t) ~4t~lt~trl.[_~ ~ t  + Ilir~T~t~m<'~'t"l+lt(" ~ I t~ :SbX3 

X = + I i 1 . '  - - -  I H : "  K -  

Br 9 4 ~  ! - - ~  I 1462~ ~+ ~_~'O 
I S4 ~ I ! $ ,,~ 2 2330 :~ 

Br 9 6 + ~ 1  :T,~ :~ Z ~ . ~  700 

.~mt'pI~ C I  9:; -~ I 36  ~ 4 4 , ~  ~; 3 

I :ms ~ 2 (so ~ 2 s20 +~ 30 
Z-tat '1~ C I  ~ =~. '"_ .s2 ~ 3 1230 +_+ 220 

Br 93 :~ ! 71 ~:: I ~ l i p  
I S S m 2  ~ , , ~  I +- I 0  't 

rlm~,~- Cll 6+,, ~ tl 
B r  7 3 ~  2 

~,hen ~ 7 3 ~  1 

! 64; ~ 3 30 ~: I 1410 +~ 120 

are some unuseal  f ca lu r~  oflhcm: re~ul[s. While ~1 H,  + is nol  much a ffcclcd 
by c h a n ~  o f e i l h e r  halide or  base, ~ I H .  + is considerably i n c ~  by mclh~-I sub- 
~ i lu l ion  in lhc  bmtsc, particularly by ~,ub+t i lul ion.  The  ~onsidc~bl© differences be- 
tween ~IH+." for p vridine and llu~ picoline~ the increase in ~ J H .  + from SbCI~ 1o Sbl~ 
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and  the large t-alues o [  K~, even ~ h e n  associated with ~-co" small ~,-lluc~ of -  IHa" for 
p y r id inc ,  sug_~st  tha t  t h e  s e c o n d  m o l e c u l e  o f  ba .~  m a y  no t  be  c o o r d i n a t e d  to  t h e  
an t imony-  a t o m  in the  usua l  way_ 

F u r t h e r  r ne lhy l a t i on  o f  Ihc  bas~ b r i n ~  a b o u t  a c o m p l e t e  c h a n ~ c  in r eac t i on  
s l o i c h i o m e l r y .  W h e n  ~ 4 , 6 - l r i m e l h y l p v r i d i n e  (co!! idinc)  is l i t r a t cd  i n to  SbX~ s o l u t i o n s  
t h ree  mo!ccu lcs  o f  ba~4= a rc  added  q u a n t i t a l i ~ e l y  at the  one  t i n ~  

SbX~ ~- 3 B - - S b X ~ B ~  

C o l l i d i n c  is a s l ighl ly  s l r o n ~ r  base  lo~-ards  p r o t o n s  l h a n  is 4 - m c l h y l p v r i d i n e  : s .  bu!  is 
s t r o n g l y  s ter ica! ly  h i n d e r e d  by  the  t w o  z -me thy l  g r o u p s  a n d  it is difficult  to  bel ieve 
t h a t  t h e  a n t i m o n y  a t o m  c o u l d  a c c o m m o d a t e  ih rce  co l l id ine  m o l e c u l e s  m o r e  read i ly  

t h a n  o n e  o r  t w o  o f4 -mc lhy lpv r ; . d in~ .  A m o r e  p r o b a b l e  e x p l a n a t i o n  fo r  the  f o r m a t i o n  
o f  a h igh ly  s labl¢  3 :  I a d d u c t  wi th  co! l id inc  is Iha t  e ach  m o l e c u l e  o f  base  is a s soc ia t ed  

wi lh  o n e  o f  t he  Ih rcc  h a l o g e n  a l o m s .  T h i s  t.vpc o f  a d d u c l  is k n o w n  in c rys ta l l ine  
Sbl~(S~)~ ~ a n d  m i g h t  be  f o r m e d  wi th  he le rocyc l i c  bases  i f  s ler ic  clio=Is prc~-enlcd 
c lose  a p p r o a c h  o f  N a n d  5 b  azores.  H i [ h  a d d u c t  s tab i l i ty  w o u l d  resul t  f r o m  the  m i n -  

i m a l  s l c r l c  i n t e r a c t i o n  a t  I he  i ~ r i p h e ~  ~ o f  the  5 b X ~  mo lecu le .  E n l h a l p y  d a l a  f o r  the  

c o l l i d i n e  adduc l~  are  i n c l u d e d  in  T a b l e  5. 

~¥hcn Ihe  b i d e n l a l e  I~1~-~, 2.2"obip~Tidin~ and  l,lO-phcnanthrolinc, w c r c  

l i t r a l ~ l  i n to  solulion~; o f  ~ X ~  I : i a d d u c t s  wcrc  f o r m e d  quan t i t a t i ve ly ,  f o l l o w e d  in 

some cases by the addi l ion o f a  so=ond molecule o f  base wilh a much smaller enthalpy 
o f  reac l ion .  De la i l s  a re  i nch ;dcd  in T a b l e  4. T h e  c n l h a l p i c s  o f  f o r m a t i o n  o f  these  I : I 
a d d u c l s  a r c  sma! te r  I h a n  I h o ~  fo r  a d d u c t s  wi lh  py r id ine  o r  p icol ines .  It  is poss ib le  t ha t  
b i p y r i d i n e  m i g h t  g ive  th is  rcsul!  by  b e h a v i n g  as  a s l e d ( a l l y  h i n d e r e d  u n i d c n t a l e  base .  

TABLE 5 

AT 30 'C 

.4 n6~e ~ 1 ~  . ~  Br j 

Co[lidinc 173 -- ! lgO :-: 2 IS_ = .~: I 
II~ljN ~ 6  ~ i 251 .~; 2 ~ -~- .~ 
B u r n  2~T ~ I 2~3 ~: I 2"/6 ~ 4 
C'xNF.I: ~' 264 ~ 3 266 ~: I 271 = 4 
E_I:SII 2~3 :~ 5 27.I -=: 2 306 ~- 3 

pipcn~inc 330 ~ I 331 ._--_- I 331 ~; 2 
PIrNI!, I7~ _~ 2 s :o  = 4 2¢~7 ~: 2 
i l ~ rS l l :  290 .= I 293 ::: I 2X7 :~. 2 
h ~ l l :  2~7 ~: 2 305 --- 4 257 ~ I 
i B u ~ l ! .  .~16 ~_ ! 320 -: ~' 317 =- TM 

IIBu.NII= 29! ~; ! 277 "~ 275 ÷_= TM 

C x ~ l l : :  2:~5 -~ I 331 :~: I 33! ~ 2 

S/,l~ 
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but this is much I_~_~ !ike~" fo r  phc'nanthrolinc and lhe simi!a:i l): oi" the rcsulls for  the 
two ha_~s su~-~Ls U:at their adduct~ arc structura!l)- ~mi lar .  Thc ~rnall cmhalpics o f  
f o rn~ t ion  o f  the adducts thus su~_~est that $ter[c r~sts~inL~ r a k e  ~t dilT~ult for  mhc~ 
bu lky  Im~-s to approach cl(~.~lly enou_~J~ for  ~ N  bonds to be- fm~n..~d ~ s~ron~ 
tho~e in ]~'r ldine a d d u c ~  Thcsc results thus providc furthcr cvidcncc for  stcric o~': '- 
c:-oss-din~ c/o~e ~o the angimony atom and so some addit ional support for  lhe pro l~ 
o~ition that in the 3: I cofl idine adducls coordin:t l ion may be 1o h a l o ~ n  rather than 
anl imony.  

.41ipl~lic amines 
v,~ere [he ~ r o n ~ [  proton bases ~ in Ihis slud)'.. A x~ricly o f  pr imary. 

secomJaC~ and tcrl ia~" Ixtse~ was used and all behaved in the same ~ y :  Ihree mole- 
cules o f  base reacted almost quanli tat ix~ly ~vilh one o f  SbX j ,  as in thc c a ~  ofco l l id inc.  
Enlhalpi¢~ o f  reaction x,~re ! a r ~  and in most cases clo~e 1o the al+ra_-.e oi" about 
--280 I J ~ - a l . S b ) - : ;  departures f rom lh;s ax~ra~e did not appear to be sy.~lematic_ 
l:)clails arc ~ , ~ n  ~n Table 5. 

In mo~! o f  lhcs~ s~.l[~-"~nn~ c h a n ~  in thc slope o f  the cnlhalpo~rams could be 
o b s c ~ c l  at sloichiomc~r/c ratios o f  I : I o r  "*: I ( f i~ .  4) indical in~ small decrease~ in 
the enlhalpics o f  addit ion o f  successive molcculcs o f  base. Since the differences are 
one" sma~l and lh© accuracy o f  l l i~ dala one' a lh l le  beller, no a l l cmpl  ~-a.¢ made Io 
analyse lhe data Io give succe~ixc enlhalpies o f  reaction. 

Thc a~o'a.~c cmha!l~." chan~e for  the addit ion o f  each molecule o r  base. abom 
~S7 kJ mole-  ' for  s~'onda~- anJ ICrSL~" ~ ~_'th 5bCJ~ o f  5bDr~. is comparablc 
to thai for  Ihe addit ion o f  Ihe fir~! molecule o f  a helcroc~'clic ba~c. Even lhe mos[ 
stericall.v hind¢:~'d hoses, such as I -BuNH. .  iP: ' .NEI o r  diclhyl~-clohc.xylamine, show 

- 1 1  

o 

i~lg- 4. C a t l e ~ l c l ~  I~r~lk~m o f  ~ B r ~  ~,;!h d~lh~!~m;,~ ~n 1,2~d~lhlors~han~ ~olulh~n al( .~ ~C. 
|SblSrjI ~ ~,-S :~ aO -~ ~1 ~ ! 1  choice). ?97;-. I0 -~ M (!ar~ ¢irc!c~). 
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l i l l le evidence for $1eric interference, ~'hich could be exposed to lead to lower enthal- 
pies o fadduct  formation. ! l  thus so, ms probable that in t hc~  adducls [be three molc- 
cu!e~ o f  bas4~ arc nol  coordinated to the ant imony atom. bul rather one to each halogen 
atom. H o l l o W ,  lhis apparently occurs only wi th the s t r o n ~ t  prolon I ~ .  

The quite different be~aviour o f  aliphatic amines and coll idine from other 
bases suggests that the an t imony and halogen a toms may to some extcn w . be able to 
act independently as allcrnati~-e Lc~-is acid ccntres_ Some studies , ,ere  therefore made  
• ~,-ith mixed ba.s~s_ After the addi t ion o f  three equivalents o f  NBuj  to a solution of  
SbCI:~ it , ,~s found that, a l though further NBuj  gave no e~idence o f  reaction, heat 
• ,-as slill produced if PBuj  yeas added.  Conl'erscl.v, after addit ion o f  rather more  than 
one cqui, 'alent o f  PBuj  to a solution o f  SbO.~. the addit ion o f  NBu., liberated further 
heat. though further addi t ion o f  PBu~, did not. These results support  the proposit ion 
that NBu~ and PBu~, react with different parts o f  the SbCIj molecule and that the 
chlorine a toms heha,-e as Lewis acid centres to the stronger proton base. 

There are ~ood reasons ~,-hy this might occur ,,~,ith antimon.v(lll)  halides:  in 
i soh lcd  SbX~ molecules t.he X=Sb-X an~.les are 97-99:1g: this is usually taken to 
indicate that the Sb=X bonding depends mainly on the ant imony ~orbi ta ls ,  the non-  
b o n d i n ~  - l o n e - .  pair o f  electrons being predominant ly  o f  s-character. Al though the 
difference in e!ectrone~ati~cities must lead to appreciably poIar Sb-X bonds, the con- 
centration o f  the - l o n e "  pair in an ant imony s-orbital ,viii also lead to a high electron 
density close to the metal a tom.  ,~,hich ~,,il! lend to resist the coordinat ion o f  a Lewis 
base. When coordinat ion do~s occur and  a I : i adduct  is formed, rehybHdisation 
takes place leading to a trigonal-bipyramidal arrangement o f  orbitals o f  , ,h ich one. 
usually equatorial,  is occupied by the - ! o n e -  pair. In the same way formation o f  an 
adduct  with two molecules o f  hose in~'ok'es an octahedral set oforbi ta ls ,  o f  which one 
is occupied by the - l o n e "  pair. leadin~ to a square-p~Tamidal stcreochcmistry. Ho,~,-- 
ever. if steric hindrance ~,~re to prevent the formation o f  adducts o f  these types, the 
presence o f  the - l o n e -  pair on the an t imony a tom could make  the halogen a toms  
acceptable alternative L~s-is acid centres. 

In two o f  the ~ 's tems studied. S b i ~ ? r N H .  and Sbl~/BuNH. . .  reaction did not 
cease e ,~n after addit ion o f  three cqui~'alents o f  base. but cont inued until three more 
cqui~'alcnts had been added.  ~ . , ing o~,'erall enthalpies o f  reaction o f  ~ 3 7 !  and 
==3"/'/k.I mo le -  ~ for the addi t ion o f  six molecules of  base_ These reactions ,,-ere ,~r- 
tual!y quantitative. There is no indication o f  likely structures for the products o f  the 
r~actions. 
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