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GENERAL INTRODUCTION

This w ork c o n s is t s  o f  a s e r ie s  o f  p r o je c ts  in v o lv in g  th e  use 

o f  u l t r a v i o l e t  p h o to e le c tro n  sp ec tro sco p y  ( p e s ) . Because o f  th e  

s ig n i f i c a n t  d if f e r e n c e s  among th e  system s in v e s t ig a te d ,  t h i s  

th e s i s  i s  d iv id e d  i n to  fo u r  p a r t s .  P a r t  I  c o n s is ts  o f a g e n e ra l 

d e s c r ip t io n  o f th e  ex p e rim en ta l te c h n iq u e s , a p p a ra tu s , and 

c o n d it io n s . P a r ts  I I ,  I I I ,  and IV a re  d e ta i le d  d is c u s s io n s  o f 

th e  p r o j e c t s .  R e p re se n ta tiv e  s p e c tr a  a re  reproduced in  th e  

appendix.

1
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EXPERIMENTAL TECHNIQUE
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Theory

The tech n iq u e  o f u l t r a v i o l e t  p h o to e le c tro n  sp ec tro sco p y  (pes) 

i s  ex trem ely  u se fu l in  d e term in ing  th e  e le c t r o n ic  s t r u c tu r e  o f atoms 

and m o le c u le s .^  The tech n iq u e  in v o lv e s  th e  i r r a d ia t io n  o f a sam ple 

m olecu le  by io n iz in g  photons o f energy  hi). E lec tro n s  can then  be 

e je c te d  from th e  h ig h e s t  occupied m o lecu lar o r b i ta l s  and th e i r  

k i n e t i c  e n e rg ie s  an a ly zed . The k in e t i c  energy of th e  e le c t r o n ,  T , 

depends on th e  d if f e r e n c e  between th e  energy of the  io n iz in g  photon  

(hi)) and th e  energy re q u ire d  to  remove th e  e le c tro n  from i t s  

m o lecu la r o r b i t a l ,  i . e . ,  th e  io n iz a t io n  p o te n t ia l  ( I P ) .  This i s  

E i n s t e in 's  p h o to e le c t r ic  law ,

T = hi) -  IP j ( 1 )

w here j  r e f e r s  to  a s p e c i f ic  m o lecu la r o r b i t a l .  I f  th e  T j 's  a re  

m easured and s u b tra c te d  from hi), a s e r i e s  of io n iz a t io n  bands a re  

re c o rd e d , a r i s in g  from the  v a rio u s  h ig h  energy m o lecu lar o r b i t a l s .

T h is  i s  th e  p h o to e le c tro n  spectrum .

The energy  n e ce ssa ry  to  io n iz e  th e  n e u tr a l  m olecule to  th e  

c a t io n  in  i t s  ground v ib r a t io n a l  s t a t e  i s  defined  as th e  a d ia b a t ic  

io n iz a t io n  p o te n t ia l  (IP g) • N o n -a d ia b a tic  io n iz a t io n s  can r e s u l t  in  

th e  o b se rv a tio n  o f v ib r a t io n a l  f in e  s t r u c tu r e  on the  io n iz a t io n  b an d s, 

w hich can be r e la te d  to  the  freq u en cy , j), of a v ib r a t io n a l  mode of 

th e  m o lecu le . A ccording to  th e  Franck-Condon p r in c ip le ,  the  most 

p o p u la te d  v ib r a t io n a l  le v e l  in  th e  c a t io n  w i l l  be th e  one th a t  has 

th e  c lo s e s t  geom etry to  the  n e u t r a l  m olecu le . An io n iz a t io n  o f 

t h i s  ty p e  i s  d e fin ed  as a v e r t i c a l  io n iz a t io n  p o te n t ia l  (IPv) • T h is 

i s  th e  band maximum in  a p h o to e le c tro n  io n iz a t io n  band. For
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nonbonding o r  very weakly bonding o r b i t a l s  i t  i s  u s u a lly  seen  th a t

IP = IP . For bonding o r b i t a l s ,  IP <  I P .  a  v ° ’ a v

T. Koopmans has r e la te d  th e  v e r t i c a l  io n iz a t io n  p o te n t i a l  to  th e  

energy  o f th e  m olecu lar o r b i t a l  from which the  e le c t ro n  was e je c te d  (£ ) :

IPv>j (2)
2

T his r e la t io n s h ip  i s  known as Koopmans' Theorem. A lthough th e  

theorem  makes q u ite  s u b s ta n t ia l  assum ptions, i t  has been very  su c c e ss ­

f u l  in  in t e r p r e t in g  p h o to e le c tro n  s p e c t r a .  With th e  use of t h i s  

theorem , a m o lecu lar o r b i t a l  energy le v e l  diagram  can be c o n s tru c te d  

from th e  v a lu e s  o f th e  observed  IPv ' s .  Thus, p ro v id in g  assignm ents 

can be made, v a lu a b le  in fo rm a tio n  concern ing  e le c t r o n ic  s t r u c tu r e  

can be d e r iv e d .

There i s  a n o th e r tech n iq u e  of p h o to e le c tro n  sp ec tro sco p y  

w hich u t i l i z e s  h ig h  energy (x -ray ) ph o to n s; t h i s  tech n iq u e  i s  

commonly r e f e r r e d  to  as ESCA (E lec tro n  Spectroscopy f o r  Chemical 

A n a ly s is ) . A lthough th e  io n iz a t io n  p rocess, invo lved  i s  th e  same 

as w ith  p e s , the  ty p e  o f in fo rm atio n  o b ta in ed  i s  q u ite  d i f f e r e n t .

ESCA i s  used  to  o b ta in  in fo rm atio n  from th e  co re  o r b i t a l s  lo c a l iz e d  

on th e  atoms in  th e  m o lecu les , w h ile  pes i s  used to  in v e s t ig a te  

th e  v a len ce  e le c tro n s  which a re  u su a lly  d e lo c a liz e d  in  th e  

m o lecu lar o r b i t a l s .  The u l t r a v i o l e t  tech n iq u e  has been  used 

e x c lu s iv e ly  in  th e  ex p erim en ta l p o r tio n  o f t h i s  t h e s i s .



Apparatus and Experimental Conditions

A ll pes d a ta  was reco rded  on a P erk in -E lm er Model PS-18 

P h o to e le c tro n  S p ec trom eter. The Instrum en t u ses  584X r a d ia t io n  

(21.21 eV) from a DC Helium d ischarge as a so u rce  o f i r r a d i a t i n g  

photons (h»l). A g o ld -p la te d  b ra ss  c y l in d r ic a l  a n a ly z e r  (127° 

c u rv a tu re )  i s  used in  th e  in s tru m en t. D e te c to rs  o f e le c t r o n  

m u l t ip l ie r  (EMI type 9643/2B) and channel m u l t ip l i e r  (M ullard- 

B419 BL) ty p e  w ere used . S p ec tra  were c a l ib r a te d  w ith  argon 

(15.759 eV l in e )  and xenon (12.130 eV l in e )  u sed  as i n t e r n a l  

s ta n d a rd s , u n le ss  o th e rw ise  n o ted . R e so lu tio n  was u s u a l ly  about 

20 meV ( f u l l  w id th  as h a l f  h e ig h t)  f o r  th e  15.759 eV argon  l i n e .  

This degraded to  about 50 meV a t  tim es. A ll io n iz a t io n  p o te n t i a l s  

( I P 's )  reco rd ed  a re  v e r t i c a l  I P 's  and read  as th e  peak maxima, 

u n le s s  o th e rw ise  n o ted . A d i r e c t  i n l e t  probe was used f o r  sam ples 

which re q u ire d  e le v a te d  te m p e ra tu res , w h ile  a v o l a t i l e  p robe  was 

used f o r  sam ples w ith  adequate vapor p re s s u re s  a t  room te m p e ra tu re . 

(T able 1 ) .
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T able 1: Tem perature Ranges N ecessary  to  O btain  P h o to e le c tro n  S p e c tra .

Compound Tem perature Range (°C)

(RC6H4) 3p 60 -  150a

RC,H,N»BH 5 4 3 35 -  90

RCrH.N-0 5 4
60 -  100

Cr(CO)5SR2 25 -  35

Cr(CO)5PR3 - 35 -  75

RC.H N 5 4
v o l a t i l e  probe

p r 3 v o l a t i l e  p robe

s r 2 v o l a t i l e  probe

a (Me2 NC^H^)^P was run a t  240°C.
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In tro d u c t io n

The u se  o f  pes to  s tu d y  th e  e le c t r o n i c  s t r u c tu r e  o f  phosphorus 

compounds has grown ra p id ly  over th e  p a s t  few y e a r s .  T ab le  2 l i s t s  

th e  v e r t i c a l  I P 's  a r i s in g  from th e  h ig h e s t  occupied  m o lecu la r 

o r b i t a l s  o f many o f th e  o rganophosphines s tu d ie d  to  d a te .  IP j i s  

a ss ig n e d  to  th e  phosphorus " lo n e  p a i r "  (npho s) o r b i t a l ,  u n le ss  

o th e rw ise  in d ic a te d ,  and th e  o th e r  IP  assignm ents a re  l i s t e d  in  

p a re n th e se s  a d ja c e n t to  t h e i r  co rresp o n d in g  v a lu e s .

There a re  s e v e ra l  e f f e c t s  to  c o n s id e r  in  i n t e r p r e t i n g  th e  pes 

d a ta  on p h o sp h in es , i . e . ,  how th e  s u b s t i tu e n ts  on th e  phosphorus 

atom a f f e c t  th e  IP o f th e  (OpjjOS) o r b i t a l ,  as w e ll  as  how the  

phosphorus atom a f f e c t s  th e  s u b s t i tu e n t  I P 's .  One in te r a c t io n  

a r i s e s  from th e  in d u c tiv e  n a tu re  o f  th e  s u b s t i t u e n t .  T h is  

i n t e r a c t io n  i s  t r a n s m it te d  th rough  th e  r  framework o f th e  

m olecu le  and i s  dependent on th e  e le c t r o n e g a t iv i ty  o f  th e  s u b s t i tu e n t :  

th e  more e le c tro n e g a t iv e  th e  s u b s t i t u e n t ,  th e  more i t  w i l l  w ithdraw  

d e n s i ty  from th e  phosphorus atom. T hus, th e  nphos o r b i t a l  energy 

i s  low ered , le a d in g  to  a  h ig h e r  IP . A no ther, and l e s s  obv ious, 

e f f e c t  to  c o n s id e r  i s  th e  bond an g le  th e  phosphorus atom makes 

w ith  th e  c o o rd in a te d  atom s; t h i s  d i r e c t l y  a f f e c t s  th e  " h y b r id iz a tio n "  

o f  th e  phosphorus o r b i t a l s .  A d e c rea se  in  th e  bond a n g le  r e s u l t s  in  

g r e a te r  s  c h a r a c te r  f o r  th e  lo n e  p a i r  on phosphorus. T h is

s t a b i l i z e s  th e  npjios o r b i t a l  and r e s u l t s  in  a h ig h e r  IP .  For
3  4

exam ple, th e  ^p^os IP ' 8  f o r  PH^^A0 ) ,  P ( 0 1 3 ) 3 ( 9 9 ° ) ,  and

P ( 0 5 1 1 5 ) 3 (103°) a re  1 0 .6 , 8 . 6 , and 7 .9  eV, r e s p e c t iv e ly  (Table 2 ) .



T able  2 : V e r t ic a l  Io n iz a t io n  P o te n t ia l s  (eV) o f th e  H ighest Occupied M olecular O rb i ta ls o f V arious

Organophosphines and O ther S e le c te d  P hosph ines.

PHOSPHINE IP a 
1 I P 2

IP
3

P H b
3

10.60 13.4(P -H )° 1 3 .9 (P-H)

PMe3d 8.63 11.3(P-C)

PPh3e 7.92 9.20(7T b1 , 7T a2)

, d 
Me NPC1 

2  2
9 .5 0 (P :/N :)C 1 0 .0 0 (P :/N :)

(Me2 N)2 PCld 8 .2 5 (P :/N :) 8 .9 5 (N:) 9 .5 0 (P :/N :)

(Me2 N)3 Pd 7 .3 0 (P :/N :) 7 .95(N :) 8.60(N:>

Me„NPF d 
2  2

9 .60 (N :) 1 0 .5 0 (P :)

E t2 NPF2d 9.45(N :) 1 0 .2 5 (P :)

PF3b 12.27 19 .5(P -F)

p ci3b 10.5

PBr3b 1 0 . 0

Me2 PHd 9.08

MePH2d 9.72



PHOSPHINE

t-B u 3 Pd 7.70

t-B u 2 PHd 8.35

t-BuPH2d 9.32

Me2 PCld 9.19

MePCl2d 9 .83

t-B u 2 PCld 8.44

t-BuPCl2d 9 .32
dMe2PF 9.37

MsPf / 10.34
dt-B u2PF
d

8.50

t-BuPF2 9 .63

PhPMe2f 8.45

PhPH2f 9 .18

Ph2 PHf 8.29

(C2 H3 )PBu2g 8.25

(C H CH )PBu 8
2 3 2  2

8 . 2 0

IP2 IP3

9 .2C 7r a9>7Tb ) 
^ 1

9.66(7T a2) 

9.08(7T a2) 

9 .77(T T /P-C )° 

9 .33(7T /P-C )

I0 .3 2 (7 rb 1) 

9 . 84(7rb1) 

1 0 .5 (P-C) 

10.3  (P-C)

o



PHOSPHINE 1

PhPBu2S

PhCH2PBu28

MePBu2 8

PBu3h

P ( i - P r ) 3h

P(OCU2) 3CC2H5h

P(C2H3) 3j

PE tjJ

PhPCl2k

(HeO>3 Pk

(EtO)3 Pk

( c f 3 ) 3 p 1

(CF3) 2Ph1

(C F ^ P C l 1

( c f 3 )ph 2 1

(c f 3 ) p c i 2 1

8.03

8.09

8.20

8.13

8.05

g .s c s h ) 3-

8.48

8.31

9 .7  

9 .0

8.8

11.70 

11.50 

11.13 

11.18

10.70

IP
2

IP3

8.97(7T bi /P-C) 9 .2 (7T a2)

8 .72(7T b1/P-C) 9 .16(7T a2)

1 0 .4 8 (P-C)

1 3 .5 3 (P-C) 

13 .2 1 (P-C) 

1 3 .6 1 (P-C) 

1 3 .2 4 (P-C) 

1 3 .8 8 (P-C)



PHOSPHINE IP, IP IP,

Me

Me
Me

Me
Me

Me

O b

C m 
p-ph

o -
O

m

X / - c -  

P ‘-

Bu

m

m

9 .2 ( lT b i )

8.35

8.25

8 . 45 ( 7r a 2 /P :)

8.15(7T a ^ /P :)

8 .05  (7r a2 /P :)

8 .2 5 (7T a ^ /P :)

9 .8 ( jr  a2) 10.0CP:)

1 0 .5 5 (P-C)

1 0 .6 (T rb 1/P-C)

10.20 (7Tb1/P-C)

9 .95  ( 7 1 ^ /P-C)

10.35 (7T b x /P-C)

aA ssigned to  phosphorus lo n e  p a i r  (P :)  u n le ss  o th e rw ise  n o te d . ^R eference  26. d o t a t i o n : P-X =

<T -bond ing  o r b i t a l  betw een P and X (X ■ H, C, o r  F ) ;  P :/N : = in te r a c t io n  o f  lo n e  p a i r s  on n i tro g e n

and phosphorus; 7T /P -C  « h y p e rc o n ju g a tiv e  in t e r a c t io n  betw een 7T  o r b i t a l  on s u b s t i tu e n t  and P-C

<T bond; 7 T /P : = resonance  in te r a c t io n  betw een 7X o r b i t a l  on s u b s t i tu e n t  and phosphorus lo n e  p a i r .  

^R eference 6 . eR eference  27, ^R eference 10. 8R eference  12. ^R eference  28. ^S hou lder. Unpub 11 

r e s u l t s  from t h i s  la b o ra to ry .  ^R eference  29. ^R eference 30. ^R eference  31.
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These d if f e r e n c e s  appear to  r e f l e c t  th e  change in  bond an g le  r a th e r

th an  in d u c tiv e  e f f e c t s .

The above two e f f e c t s  a re  p re s e n t  w ith  a l l  s u b s t i t u e n ts .

However, when c o n s id e rin g  s u b s t i tu e n ts  w ith  7T o r lo n e  p a i r  o r b i t a l s

o f  t h e i r  own, o th e r  in te r a c t io n s  must be tak en  in to  accoun t as  w e l l .

One ty p e  i s  th e  c o n ju g a tiv e  (reso n an ce) in t e r a c t io n  betw een th e

n o r b i t a l s  on th e  s u b s t i tu e n t  and e i t h e r  th e  d o r  n o r b i t a l s  on
6

th e  phosphorus. L appert and cow orkers have su g g ested  th a t  th e  pes 

o f th e  s e r i e s  (Me2 N)^PClg_n (n * 1 -  3) can be in te r p r e te d  on th e  

b a s is  o f  resonance  in te r a c t io n  betw een th e  lo n e  p a i r s  on phosphorus 

and n i t r o g e n .  For exam ple, i f  th e  m olecu le  (Me^N)2 FCl has Cs 

symmetry, th e  n itro g e n  lo n e  p a i r s  tra n s fo rm  as a '  + a " ,  and th e  

phosphorus lone  p a i r  a s  a ' .  IP^ (8 .2 5  eV) and IP^ (9 .5 0  eV) a re  

a ss ig n e d  to  th e  two a ' com binations w h ile  IP 2  (8 .95  eV) i s  a ss ig n ed  

to  th e  a" n i tro g e n  lo n e  p a i r  (T able  2 ) .  L appert a ls o  observed** 

th a t  in  th e  s e r i e s  R^X ^ (R = Me o r  t-B u ; X -  H o r  C l) th e  IP 

o f th e  phosphorus lo n e  p a i r  changes very  l i t t l e  w ith  s u b s t i t u t io n  

o f H by Cl (R k ep t c o n s ta n t ) . He su g g es ted  th a t  th e  in d u c tiv e  

e f f e c t  o f  th e  c h lo r in e  i s  n e a r ly  c a n c e lle d  by th e  resonance  

in t e r a c t io n  betw een th e  c h lo r in e  and phosphorus lo n e  p a i r s .

However, no account was ta k en  o f any change in  bond a n g le , and

t h i s  cou ld  se rv e  as an a l t e r n a t i v e  e x p la n a tio n . For exam ple,
~ 7

PH^^A0) and P C ljQ O l0 ) have t h e i r  phosphorus lo n e  p a i r  I P 's

a t  10.6 eV and 10.7 eV, r e s p e c t iv e ly  (T ab le  2 ) .  The in d u c tiv e

e f f e c t  o f  th e  c h lo r in e  atom cou ld  c o u n te ra c t th e  e f f e c t  o f  th e

bond an g le  change (v id e  s u p r a ) . th u s  y ie ld in g  th e  s im i la r  I P 's .
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The s tu d y  o f I n te r a c t io n s  betw een th e  phosphorus n o r  d o r b i t a l s

and th e  s u b s t i t u e n t  7 T  o r b i t a l s  In  u n s a tu ra te d  organophosphines has

• •  8 r e c e n t ly  been  In v e s t ig a te d  by s e v e ra l  g ro u p s . S ch a fe r and Schwelg

have in te r p r e te d  th e  pes o f d im ethy lphenylphosphine  In  term s o f

a  com plete la c k  o f  i n te r a c t io n  betw een th e  a r y l  group and th e

t r i v a l e n t  phosphorus. The two h ig h e s t  occupied  r r  m o lecu la r o r b i t a l s

o f benzene (e ) a re  d eg en e ra te  and t h e i r  io n iz a t io n  occu rs  a t
O

9.24  eV. M o n o su b s titu tio n  s e p a ra te s  th e  eg o r b i t a l s  in to  a£ and b^

components (F ig u re  1 ) . The b j  o r b i t a l  i s  cap ab le  o f  in t e r a c t in g

w ith  th e  s u b s t i t u e n t ,  w h ile  th e  a^ o r b i t a l  has a n o d a l p lan e  th rough

th e  p o in t  o f  s u b s t i t u t i o n .  I f  th e  b^ o r b i t a l  i n t e r a c t s  w ith  th e

s u b s t i tu e n t  to  a s ig n i f i c a n t  e x te n t ,  a  s p l i t t i n g  o f th e  a^ and b^
9

o r b i t a l s  sh o u ld  be observed  in  th e  sp ec tru m . U sing th e  benzene eg 

o r b i t a l s  (9 .24  eV) and th e  tr im e th y lp h o sp h in e  n o r b i t a l  (8 .6 3  eV) as 

b ases  f o r  th e  uncoupled o r b i t a l  e n e rg ie s  o f th e  pheny l o r b i t a l s  and 

phosphorus n  o r b i t a l  r e s p e c t iv e ly ,  a  c o r r e la t io n  diagram  can be 

c o n s tru c te d  (F ig u re  2 ) .  The f i r s t  two I P 's  o f d im ethy lphenylphosphine 

occur a t  8 ,45  eV (n) and 9 .2  eV (7T ). The 7T o r b i t a l s  show no 

s p l i t t i n g  and t h e i r  IP i s  v i r t u a l l y  u n s h if te d  from benzene i t s e l f ,  

w h ile  th e  phosphorus n  o r b i t a l  i s  on ly  s l i g h t l y  r a i s e d  in  energy 

(0 .15  eV ). These r e s u l t s  a re  in  d i r e c t  c o n t r a s t  to  th e  i n t e r a c t io n  

in  N ,N -d im e th y la n ilin e  which shows a  marked s p l i t t i n g  o f  th e  a  ̂ and 

by pheny l o r b i t a l s  as w e ll  as  a s i g n i f i c a n t  d e s t a b i l i z a t io n  o f th e  

n i tro g e n  n o r b i t a l  (F ig u re  2 ) .  These r e s u l t s  in d ic a te  th a t  th e re  

a re  two v i r t u a l l y  uncoupled system s in  d im ethy lpheny lphosph ine: 

th e  pheny l TT system  and th e  phosphorus lo n e  p a i r .



Figure 1 The Two H ighest Occupied fTT M olecu lar O rb i ta ls  o f 

M o n o su b stitu ted  Benzene in  C^v Symmetry . 3

¥ ISp
a„

aThe c i r c l e s  r e p re s e n t  th e  n u m erica l v a lu e  and r e l a t i v e  s ig n  o f 

the  c o e f f i c i e n t s  on each atom . The dashed l in e s  a re  n o d a l p la n es
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F ig u re  2; C o r re la t io n  Diagram o f th e  H ig h est Occupied M olecu lar 

O r b i ta ls  o f  T rim ethy lam lne . N .N -D lm eth y lan ilin e .
a

B enzene. D im ethy lphenylphosphine. and T rlm ethy lphosph ine .

7 -

%Va*
(U
M

8 -

10 “

7 .6

8 .5  /  

*N \

8.45

nPho8 -s. 8 . 6

\
\
\

9 .2  \
I I  ~ - - - - *L»-24,7t a  9  - 't

/ 7T e_ 
/  8

Phos

,9 .2 ,.,
7T (b1 |a 2 )

' 10.0  /
7r

N(Me) 3  (Me)2 N(C6 H5) M e ^ C C ^ )  PMe3

The numbers shown above th e  l e v e l s  a re  v e r t i c a l  io n iz a t io n  

p o t e n t i a l s ;  assignm ents  a re  below  th e  l e v e l s .
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In  c o n tra s t  t o  th e se  r e s u l t s ,  D ebles and R a b a la i s ^  o b serv ed ,

In  th e  pes o f  phenylphosphine (C^H^PH^), a  s t a b i l i z a t i o n  o f  th e  

pheny l Tf o r b i t a l s  and a s p l i t t i n g  o f th e  a 2  and b^ com ponents, as 

w e ll  as a d e s t a b i l i z a t io n  o f th e  phosphorus lo n e  p a i r .  I t  was 

su g g es ted  th a t  t h i s  i s  due to  a  d e lo c a l iz a t io n  o f charge from th e  

phenyl 7T o r b i t a l s  in to  th e  d o r b i t a l s  on phosphorus. D is te fan o  

and co w o rk e rs^  observed  a sm all s p l i t t i n g  o f  th e  phenyl 7 T o r b i t a l s  

in  tr ip h e n y lp h o sp h in e , b u t R a b a la i s ^  observed  no such s p l i t t i n g .

R ec e n tly , a n o th e r  ty p e  o f  in te r a c t io n  has been d e te c te d  in  th e

pes o f  s e v e ra l  u n s a tu ra te d  o rg anophosph lnes; t h i s  i s  th e  hyper**

c o n ju g a tiv e  in t e r a c t io n  betw een th e  P-C G~ bond and th e  phenyl and

12a lk e n y l 7 r  o r b i t a l s .  Schmidt and Schweig have re p o rte d  th e  pes 

o f v in y ld ib u ty l - , a l l y l d i b u t y l - ,  p h e n y ld ib u ty l- ,  and b e n z y ld ib u ty l-  

phosphine and found th a t  n o t on ly  i s  t h i s  in te r a c t io n  p r e s e n t ,  b u t 

th a t  i t  i s  th e  predom inant e f f e c t  to  c o n s id e r  in  th e  in t e r p r e ta t io n  

o f  th e  pes o f  th e se  m o lecu les . F ig u re  3 in d ic a te s  th e  P-C bonds 

in v o lv ed  in  v in y ld ib u ty l -  and a l ly ld ib u ty lp h o s p h in e . The 

c o r r e la t io n  diagram  u s in g  th e  e th y le n e  T f  o r b i t a l  (10.51 eV) and 

th e  m e th y ld ib u ty lp h o sp h in e  n o r b i t a l  (10 .48  eV) as b ases  f o r  th e  

uncoupled o r b i t a l  e n e rg ie s  i s  shown in  F ig u re  4 . The 7T le v e l  in  

each  phosphine now ta k e s  on P-C c h a ra c te r  and i s  r a is e d  in  energy 

r e l a t i v e  to  e th y le n e ,  w h ile  th e  energy  o f th e  phosphorus n o r b i t a l  

rem ains r e l a t i v e ly  c o n s ta n t .  A gain , th e se  r e s u l t s  a re  in  c o n tra s t  

to  th e  resonance  in te r a c t io n  in  N ,N -d im e th y lan ilin e  where th e  n l e v e l  

i s  r a is e d  in  energy  w h ile  th e  7T b^ o r b i t a l  i s  low ered . I t  shou ld  

be n o ted  th a t  th e  h y p e rc o n ju g a tiv e  e f f e c t  o f th e  a l l y l  s u b s t i tu e n t



F ig u re  3 : P-C/7T H ypercon jugation  I n te r a c t io n  fo r
a

V in y ld ib u tv lp h o sp h in e  and A lly ld ib u ty lp h o sp h in e ,

H2C=C >y/' \ ' " BU 2  t u H2 Ĉ ,

H

VJV''Bu—°\ Bu
H

a
The -wv- bond in d ic a te s  th e  P-C <T bond invo lved  in  th e  

h y p e rc o n ju g a tlo n .



IP
(e

V
)

F ig u re  A; C o r re la t io n  Diagram o f  th e  H ighest Occupied M olecu lar 

O r b i ta ls  o f E th y le n e . D i-n -b u ty lv in y lp h o sp h in e .
g

A lly ld i-n -b u ty lp h o a p h in e . and D i-n -b u ty lm eth y lp h o sp h in e .

10

8.20
n

9.77 ^  
/7 T /P -C

10 .51 / 
7r

10.5
P-C

9.33
'7T /P-c\

10 .3
P-C ^0.48

^  -
P-C

CH2“ CH2 CH2 -CHPBu2  CH2 -CHCH2 PBu2  MePBu2

a
The numbers shown above th e  le v e l s  a re  v e r t i c a l  io n iz a t io n  

p o te n t i a l s ;  assignm ents  a re  below th e  l e v e l s .



appears  to  be g r e a te r  th an  th e  v in y l  s u b s t i t u e n t .  S im ila r  

co n c lu s io n s  w ere drawn from th e  pes o f p h e n y ld ib u ty l-  and 

b en zy ld ib u ty lp h o sp h in e .

R esu lts  and D iscu ssio n

Pes has been used to  s tu d y  th e  e f f e c t  o f  s u b s t i tu e n ts  on th e
13-19

h ig h e s t  occupied  MO's o f  benzene (F ig u re  1 ) . The ty p es  o f

s u b s t i tu e n ts  s tu d ie d  can be d iv id ed  in to  th re e  d i f f e r e n t  c la s s e s .

The f i r s t  type a c ts  p r im a r i ly  th rough  a  resonance  in te r a c t io n
15 16.19

and in c lu d e s  s u b s t i tu e n ts  such as ~OCH  ̂ an(* These

s u b s t i tu e n ts  d e s t a b i l i z e  th e  b j  o r b i t a l  (low er IP) r e l a t i v e  to  th e

a 2  o r b i t a l ,  th e  l a t t e r  rem ain ing  v i r t u a l l y  u n s h if te d  from th e

u n s u b s t i tu te d  benzene (9 .2 4  eV ). A second c la s s  o f  s u b s t i t u e n t s ,
16.18such as th e  h a lo g e n s , ’ shows th e  same resonance e f f e c t ,  b u t 

an e le c t r o n  w ithdraw ing in d u c tiv e  e f f e c t  i s  a ls o  p re s e n t  which 

s t a b i l i z e s  b o th  o r b i t a l s .  Thus, th e  o rd e r o f  o r b i t a l  e n e rg ie s

rem ains th e  same as w ith  th e  f i r s t  c l a s s ,  b u t b o th  I P 's  a re  h ig h e r .
20 20

A th i r d  c la s s  o f  s u b s t i t u e n t s ,  - 0 ( 0 ^ ) ^ ,  -Si(CH g)g» and

20-CF^, r e s u l t s  in  io n iz a t io n s  from th e  a 2  and b^ o r b i t a l s  which 

a re  so  c lo se  in  energy th a t  they  a re  e i t h e r  p o o rly  re so lv ed  o r  no t 

a t  a l l .  T h is l a s t  case  r e s u l t s  in  bond envelopes w hich a re  

r a is e d  o r  low ered in  IP from th a t  o f  benzene , depending on th e  

e le c tro n -w ith d ra w in g  o r -d o n a tin g  n a tu re  o f  th e  s u b s t i t u e n t .

The pes o f th e  s u b s t i tu te d  t r ia ry lp h o s p h in e s  (T able 3) show 

one o r  more peaks in  th e  re g io n  ass ig n ed  to  io n iz a t io n  o f th e  

phenyl 7 T e le c t ro n s  in  th e  co rrespond ing  m o n o su b stitu ted  benzenes
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a
T able  3 : V e r t ic a l  Io n iz a t io n  P o te n t ia l s  o f  (RC,H )„P .

0 4 3

Compd R I P ^  IP 2C IP 3C IP^

1 4-CF3 8.65 9 .8 d 9 .9

2 4-C1 8.18 9.16 9 .63

3 4-F 8 . 1 2 9 .6 f

4 4-H 7.92 9.20

5 4-(CH3) 3S i 7.67 8.84 9 .02

6 4-CH
3

7 .6 8 .9 f

7 4-(CH ) CH 
3 2

7.53

8 4-(CH3) 3C 7.52 8 . 8 f

9 4-CH30 7.48 8.30 9 .00

1 0 4-(CH3) 2N 6 .9 -7 .0 d 7 .308 8 .67

1 1 2 -CF3 8 .30 9 .5 d 9 .6 8

1 2 2 “ CH3 7.64 8.62 9 .4 d

13 2 -CH3 0 7.37 8 . 2 2 8 .71

14 3-F 8.32 9 .2 9 .6 -9 .7

15 3-CH3 7.68 8.58 9 .53

16 3-CH30 7.72 8.35 9 .03

11.40e

9.56

In  eV. Phosphorus lone  p a i r .  Phenyl 7X e le c t r o n s .  S hou lder.
e

C h lo rin e  lo n e  p a i r .  T h is band i s  accompanied by a  sh o u ld er a t
f

11.7 eV, a lso  a ss ig n ed  to  a c h lo r in e  lone  p a i r .  IP 3  and IP^ a re

u n re so lv ed . The v a lu e  l i s t e d  i s  th e  maximum o f th e  r e s u l t in g  peak ,

8 hIo n iz a t io n  a p p a re n tly  from (CH^^N lone  p a i r .  Assigned to  an 

io n iz a t io n  from a phenyl T f  o r b i t a l .
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(T able 4 ) ,  In  most cases  th e  number o f I P 's  observed  In  t h i s  re g io n

co rresponds to  th e  number o f  I P 's  observed  fo r  th e  m o n o su b stitu ted

benzene. In  a d d i t io n  to  th e s e ,  a low IP band I s  observed  In  each o f

th e  s p e c t r a ,  w hich I s  r e a d i ly  a s s ig n e d , as by th e  p rev io u s  
8 10a u th o rs ,  '  to  Io n iz a t io n  from th e  lo n e  p a i r  o f e le c tro n s  on 

phosphorus.

A lthough th e  com plexity  o f  th e  m olecules s tu d ie d  appears to  

I n h ib i t  th e  use  o f  v ib r a t io n a l  f in e  s t r u c tu r e  In  a ss ig n in g  th e  

bands in  th e  phenyl re g io n , i t  seems l ik e ly  t h a t  th e  band 

assignm ents f o r  th e  tr ia ry lp h o s p h in e s  g e n e ra lly  correspond  to  th e  

assignm ents made f o r  th e  m o n o su b stitu ted  b enzenes. The fo llo w in g  

reaso n s  a re  a p p a re n t:

(1) In  a lm ost a l l  c a s e s ,  and independent o f  th e  n a tu re  o f  th e  

s u b s t i t u e n t ,  th e  I P 's  a ss ig n ed  to  th e  phenyl e le c t r o n s  in  a ry l^ P  

co rrespond  c lo s e ly  to  th e  I P 's  found f o r  th e  m o n o su b stitu ted  benzene. 

P a r t i c u l a r l y ,  in  th e  case  o f  aryl-jP  s u b s t i tu te d  w ith  methoxy and 

dim ethylam ino g ro u p s, th e  s e p a ra t io n  o f io n iz a t io n s  from th e  a£ and 

b^ o r b i t a l s  i s  so la rg e  t h a t  i t  i s  u n lik e ly  t h a t  th e  assignm ents 

could  be re v e rse d  upon s u b s t i t u t io n  in to  th e  phosphino system ,

w ith  one energy  l e v e l  r a is e d  and th e  o th e r  low ered from th e  v a lu e  

in  th e  m o n o su b stitu ted  benzene.

(2) There i s  no g re a t  change in  th e  phenyl IP v a lu e s  among 

th e  o r th o ,  m eta , o r  p a ra  isom ers w ith  a  g iven  s u b s t i t u e n t .  The 

e f f e c t  o f  s u b s t i t u t io n  in to  th e  phosphino system  on th e  r e l a t i v e  

8 2  and b^ IP ’ s would be expected  to  vary  w ith  th e  p o s i t io n  o f 

s u b s t i t u t io n .

(3) I n  th e  a ry l^P  c o n ta in in g  CF^, and (CH^JgSi
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T able  4 : V e r t ic a l Io n iz a t io n P o te n t ia l s a  o f RC,H_.
0  5

R
» 2b

b
IP 3

CF C 
3

9 .7
d

F 9 .1 1 0 ^ ) 9 .8 2 (a 2)

c i c »e 9 .1 Cbx) 9 .7 (a 2 ) 11 .32f

H 9.24

(CH3 ) 3 S iC 9 .0 8 9.3®

cn3d 8 .7 2 (b L) 9 .2 4 (a 2)

(ch 3 ) 3 c c 9 .0

CH3 Oh 8 ,4 2 (b ^ ) 9 .2 1 (a 2)

(CH3 ) 2 Nh 7 .4 5 (b 1) i 9 .0 0 (a 2) 9 .8 5  (b L)

a
In  e le c t r o n  v o l t s .

b c 
A ssignm ents in  p a re n th e s e s . R eference  20.

d e f
R eference  16. R eference  18. C h lo rin e  lo n e  p a i r . Accompanied b;

g
a  band a t  11.7 eV a ls o  a ss ig n e d  to  a c h lo r in e  lone  p a i r .  Two

components o f  th e  band envelope  w ere a t t r i b u t e d  to  IP^ and IP 2  by
h

R. A. N. McLean, Can. J .  Chem., 51 , 2089 (1 973). R eference  15. 

^ Io n iz a t io n  a p p a re n tly  c o r r e la te s  w ith  (CH3) 2N lo n e  p a i r .
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s u b s t i t u e n t s , th e  io n iz a t io n s  £rom th e  a^ and phenyl o r b i t a l s  a re

n o t re s o lv e d . T his i s  a ls o  t r u e  f o r  th e  co rre sp o n d in g  s u b s t i t u te d

b en zen es. T h e re fo re  th e re  i s  no ev idence  h e re  th a t  th e  r e l a t i v e

e n e rg ie s  o f th e  and b^ o r b i t a l s  a re  changing much upon s u b s t i t u t i o n

in to  th e  phosphino system .

The phosphorus lone  p a i r  IP v a lu es  appear to  be a w e ll  behaved

fu n c tio n  o f  th e  e le c tro n -d o n a tin g  o r  -w ithd raw ing  n a tu re  o f th e

s u b s t i t u e n t s .  A very  good c o r r e la t io n  ( c o r r e la t io n  c o e f f i c i e n t
210 .9 8 6 ) i s  observed  between th e  Hammett <r  ̂ p a ram ete r and th e  lo n e

p a i r  IP o f phosphorus (see  F igure  5) fo r  th e  te n  compounds w ith  p a ra

s u b s t i t u e n t s .  In  t h i s  c a s e , o '  i s  a  m easure o f  th e  t o t a l  e f f e c t  o f* P
th e  s u b s t i tu e n t  (bo th  in d u c tiv e  and resonance) on th e  a t ta c h e d  a r y l  

r in g ,  b u t ex c lu d es  d i r e c t  resonance in te r a c t io n  betw een th e  a r y l  

system  and th e  phosphorus atom (see  page 27 f o r  a  f u r th e r  d is c u s s io n ) .  

The in d u c tiv e  e lec tro n -w ith d raw in g  n a tu re  o f th e  f lu o r in e  and c h lo r in e  

atoms i s  in d ic a te d ,  b u t th e  e f f e c t  i s  a p p a re n tly  p a r t i a l l y  c a n c e lle d  

in  th e  p a ra  d e r iv a t iv e s  by th e  e le c tro n -d o n a tin g  reso n an ce  e f f e c t ,  

w hich p la c e s  charge on th e  r in g  p o s i t io n  a d ja c e n t to  th e  p h o sp h o ru s , 

and causes some low ering  o f  th e  lo n e  p a i r  IP . In  th e  m -flu o ro  

d e r iv a t iv e  th e  resonance e f f e c t  i s  subm erged, and th e  r e s u l t  i s  a 

n o t ic e a b le  r a i s in g  o f th e  phosphorus lone p a i r  IP . The s t ro n g  

resonance  e f f e c t  o f  th e  p-dim ethylam ino and p-m ethoxy s u b s t i t u e n t s  

enhances th e  e le c t ro n  d e n s ity  a d ja c e n t to  th e  p h o sphorus, and 

th e  r e s u l t  i s  a pronounced low ering  o f th e  IP  v a lu e ,  w hereas th e  

somewhat h ig h e r  v a lu e  f o r  th e  m-methoxy d e r iv a t iv e  i s  c o n s is te n t  

w ith  th e  d im in ished  resonance e f f e c t  a t  th e  m eta r in g  p o s itiro n .
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F ig u re  5 : C o r re la t io n  o f  Io n iz a t io n  P o te n t i a l  o f th e  Phosphorus Lone P a i r  w ith  th e  Hammett <r

a
S u b s ti tu e n t  C onstan t f o r  (p-RCgH^^P.

0.6

0 .3

p.

7 .4 7 .8 8 .27 .0

Io n iz a t io n  P o te n t ia l  (eV)

£
The numbers on th e  p o in ts  co rrespond  w ith  th e  compound numbers i n  T able 3 .
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The e le c tro n -d o n a tin g  e £ fe c t  o f  th e  a lk y l  groups i s  e x p ec te d , b u t

th e  la c k  o f any change in  th e  lo n e  p a i r  I P 's  among th e  o r th o ,  m eta ,

and p a ra  m ethyl d e r iv a t iv e s  shou ld  be n o te d . D esp ite  th e  in d u c tiv e

e f f e c t  o f  th e  (CH^)^Si g ro u p , i t  ap p ears  to  b e  on ly  a  modest e le c t r o n

do n o r, po o re r th an  th e  a lk y l  g roups. This phenomenon i s  w e ll 
22documented and i s  b e lie v e d  to  be  due to  an e le c tro n -w ith d ra w in g  

component in  th e  b e h av io r o f  th e  s i l i c o n ,  in  w hich charge from th e  

a ro m atic  r in g  i s  d e lo c a liz e d  in to  th e  d 7r  o r b i t a l s  o f  th e  s i l i c o n .

The r e s u l t s  o f t h i s  s tu d y  show th a t  w h ile  th e  e f f e c t  o f th e  

s u b s t i tu te d  a r y l  groups on th e  phosphorus lo n e  p a i r  e le c t r o n s  i s  

e a s i ly  r a t io n a l i z e d ,  th e re  i s  l i t t l e  ap p aren t e f f e c t  o f  th e  phosphorus 

on th e  7r o r b i t a l  e n e rg ie s  o f  th e  a r y l  system . T h is o b se rv a tio n  i s  

independen t o f th e  n a tu re  o f th e  a r y l  s u b s t i t u e n t .  T h is  would appear 

to  r u le  ou t any s u b s ta n t i a l  resonance  e f f e c t  betw een th e  phosphorus 

lo n e  p a i r  o f e le c t r o n s  and th e  f i l l e d  -rr o r b i t a l s  o f  th e  r i n g ,  o r  any 

s u b s ta n t ia l  s t a b i l i z a t i o n  o f  th e  pheny l 7 T  o r b i t a l s  by in t e r a c t io n  

w ith  th e  phosphorus d o r b i t a l s .  The la c k  o f resonance  in te r a c t io n
g

i s  c o n s is te n t  w ith  th e  f in d in g  o f S ch a fe r and Schweig. More

g e n e r a l ly ,  th e re  i s  l i t t l e  ev idence  th a t  th e  t r i v a l e n t  phosphorus

a c ts  as a s ig n i f i c a n t  e le c t r o n  donor o r  a c c e p to r  tow ard an a tta c h e d  

23a r y l  group.

I t  appears t h a t  th e  p o s s i b i l i t y  o f  7T/P-C h y p e rco n ju g a tio n  can 

be e lim in a te d  s in c e  t h i s  i n t e r a c t io n  would d e s t a b i l i z e  th e  b^ o r b i t a l  

r e l a t i v e  to  th e  ^  o r b i t a l  in  th e  p h o sp h in e , and th e  d if f e r e n c e  

betw een t h e i r  r e s p e c t iv e  I P 's  would be g r e a te r  th an  in  th e  

m o n o su b stitu ted  benzene.



I t  I s  su g g ested  th a t  th e  c o r r e la t io n  betw een th e  phosphorus

lo n e  p a i r  IF  v a lu es  and th e  s u b s t i tu e n t  Q~ v a lu e s  sh o u ld  be
P

d iscu ssed  in  term s of th e  e f f e c t  o f  th e  s u b s t i tu e n t  on th e  energy

d if f e r e n c e  betw een th e  ground s t a t e  and th e  c a t io n ic  s t a t e

(analogous to  th e  c o n s id e ra tio n  o f (T^ as m easuring  th e  e f f e c t  o f

th e  s u b s t i tu e n t  on th e  energy  d if f e r e n c e  betw een th e  ground s t a t e

21and a  charged t r a n s i t i o n  s t a t e  ) .  T h is e f f e c t  i s  determ ined

la rg e ly  by th e  a c tio n  o f th e  s u b s t i tu e n t  on th e  dev elo p in g  charge

a t  th e  " r e a c t io n  s i t e "  (h e re  th e  phosphorus a tom ). In  t h i s  case

m ig ra tio n  o f  e le c tro n s  from th e  s u b s t i t u t e d  a r y l  groups to  th e

p o s i t iv e  phosphorus c e n te r  would r e s u l t  in  a  s t a b i l i z a t i o n  o f

th e  c a t io n .  Thus, n o t on ly  would low er lo n e  p a i r  I P 's  r e s u l t  th an
24 25th o se  expec ted  from Koopmans' Theorem, '  b u t th e  m agnitude o f

th e  charge m ig ra tio n  (and th e re fo re  lo w erin g  o f th e  IP ) i s  r e la te d

to  th e  (T v a lu e  o f th e  s u b s t i t u e n t .  The la c k  o f d e v ia t io n  from 
P

th e  norm al <Tp c o r r e la t io n ,  p a r t i c u l a r l y  on th e  p a r t  o f th e

dim ethylam ino and methoxy s u b s t i t u e n t s ,  a rg u es  a g a in s t  any

enhanced resonance  in te r a c t io n  betw een th e  s u b s t i tu e n ts  and th e

p o s i t iv e  phosphorus c e n te r ,  and th e r e f o r e  th e  d r i f t  o f  charge

would be th rough  th e  P - a r y l  <T bond. On th e  o th e r  hand , th e

a b i l i t y  of th e  t r i v a l e n t  phosphorus to  e f f e c t  s ig n i f i c a n t

s t a b i l i z a t i o n  o f  th e  r a d ic a l  c a t io n ,  produced by io n iz a t io n  from

th e  a r y l  7 T  o r b i t a l s ,  ap p ea rs  to  be q u i te  l im i te d .

I t  shou ld  be no ted  t h a t . any c o r r e la t io n  betw een phosphorus

lone  p a i r  I P 's  and s u b s t i tu e n t  Q~ v a lu e s  assumes no s ig n i f i c a n t
P



d if f e r e n c e  in  h y b r id iz a t io n  a t  th e  phosphorus among th e  p a ra -  

s u b s t i tu te d  a r y l  P . Thus th e  e f f e c t s  d isc u sse d  above a re  no t 

ex tended  h e re  to  a com parison betw een th e  a ry l^ P  and o th e r  

p h o sp h in es .



PART III
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In tro d u c tio n

The bonding in te r a c t io n  o f  p y r id in e  in  Lewis a c id -b a se  system s
32has been o f concern in  t h i s  lab o ra to ry *  In  view o f t h i s ,  we

sought to  s tu d y  th e  in te r a c t io n s  o f a  s e r i e s  of s u b s t i tu te d  p y r id ln e s

in  t h e i r  bo rane  adducts by p e s . T his s tu d y  cou ld  shed some l i g h t  on

th e  q u e s tio n  o f th e  Lewis b a s i c i t y  o f  p y r id in e . The p y r id in e  bo ranes

form a  c la s s  o f  complexes s u f f i c i e n t l y  v o l a t i l e  and s ta b le  in  th e

gas phase  to  s tu d y  w ith  thfe u se  o f  p e s .

In  th e  on ly  o th e r  pes s tu d y  on borane  com plexes, Lloyd and 
33Lynaugh have re p o rte d  th e  p es  o f  a  s e r i e s  o f  a lky lam ine  com plexes,

HnMe^ N*BH  ̂ (n » 0 -  3 ) .  They a ss ig n  th e  f i r s t  io n iz a t io n  band

(c a . 10 -  10.4 eV) to  th e  BH  ̂ group o f th e  complexes on th e  b a s is  o f

observed  v ib r a t io n a l  f in e  s t r u c tu r e  and CNDO/2 c a lc u la t io n s .

C onsidering  on ly  th e  p y rim id a l BH-j s t r u c tu r e ,  th e  BH  ̂ group g iv es

r i s e  to  a^ and e symmetry o r b i t a l s .  The f i r s t  band in  th e  s p e c tra

i s  a ss ig n ed  to  io n iz a t io n  from th e  e o r b i t a l s  s in c e  th e  a^ o r b i t a l

c o n ta in s  s u b s ta n t ia l  boron 2 s c h a ra c te r  and must l i e  a t  a  h ig h e r  
33IP (15-19 eV ) .  The second band i s  a ss ig n ed  to  th e  B-N bonding

o r b i t a l  and re p re s e n ts  a s t a b i l i z a t i o n  o f about 3 eV from th e  lo n e

p a i r  IP in  th e  co rrespond ing  uncomplexed am ines.

P rev io u s  ev idence  concern ing  th e  Lewis b a s ic i ty  o f p y r id in e

r e l a t i v e  to  a lky lam ines has n o t produced a  s a t i s f a c to r y  answer as

to  which a c ts  as th e  s tro n g e r  b a se  under a v a r ie ty  o f  c ircu m stan ces .

The pKfl d a ta  shows th a t  p y r id in e  (pKa ■ 5 .2 ) i s  a weaker base  than
34th e  s a tu r a te d  a l i p h a t i c  amines (pKfl -  9 -  11 ). T h is  f a c t  can be 

r a t io n a l iz e d  by c o n s id e rin g  th e  d if f e r e n c e s  in  h y b r id iz a t io n  a t  th e
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9 o
n i t ro g e n  atom in  p y r id in e  (sp  ) and th e  a l i p h a t i c  amines (sp J ) .

The " lo n e  p a i r "  o r b i t a l  w ith  more s  c h a r a c te r  w i l l  ho ld  th e  p a i r  

o f e le c t r o n s  c lo s e r  to  th e  n u c le u s , r e s u l t in g  in  a  re d u c tio n  o f th e  

donor power o f  th e  n itro g e n  b a s e .  However, t h i s  d a ta  on ly  m easures 

b a s i c i t i e s  r e l a t i v e  to  th e  aqueous p ro to n . Once o th e r  a c id s  a re  

u se d , o r  b a s i c i ty  in  th e  gas phase i s  c o n s id e re d , th e  ev idence  

in d ic a te s  th a t  t h i s  o rd e r o f  b ase  s t r e n g th s  does n o t rem ain 

c o n s ta n t .

A re c e n t gas phase p ro to n  a f f i n i t y  (PA) s tu d y  by T a f t  and 

35cow orkers shows th a t  th e  p ro to n  a f f i n i t y  fo r  p y r id in e  (PA » 225

k c a l)  i s  g r e a te r  th a n  th a t  f o r  ammonia (PA ■ 207 k c a l)  and

com parable to  a l i p h a t i c  am in es, f o r  example Me2 NH (PA -  225 k c a l ) .

The au th o rs  su g g e s t th a t  s o lv a t io n  e f f e c t s ,  and in  p a r t i c u l a r

d i f f e r e n t i a l  p o la r iz a t io n  o f  th e  I t  o r b i t a l s  in  th e  p y rid in iu m  io n ,

can account fo r  th e s e  r e s u l t s .  The p o s i t iv e ly  charged p ro to n

causes th e  e le c t r o n  d e n s ity  o f  th e  p y r id in e  7 T o r b i t a l s  to  s h i f t

tow ards th e  n i t r o g e n ,  le a d in g  to  a  g r e a te r  e l e c t r o s t a t i c

a t t r a c t i o n  betw een th e  a c id  and b a s e . This i s  submerged in

s o lu t io n  where th e  d i e l e c t r i c  e f f e c t  o f  th e  medium causes an
35,36

a t te n u a t io n  o f p o la r iz a t io n  phenomena.

An im p o rtan t f a c to r  to  c o n s id e r  in  d e te rm in in g  base  s t r e n g th s

tow ards a c id s  o th e r  than  th e  p ro to n  i s  th e  s t e r i c  e f f e c t .  Brown 

37has shown (T able  5) t h a t ,  a lth o u g h  th e  pKa  in c re a s e s  f o r  th e  

s e r i e s  p y r id in e  <  2 - p ic o l in e  <  2 , 6 - l u t i d i n e  (due to  in d u c tiv e  

e f f e c t s ) ,  th e  h e a ts  o f  fo rm atio n  (A H ) fo r  th e  co rresp o n d in g  

complexes o f  BH-j, BF^, and BMe^ d e c re a se  in  th e  o rd e r  p y r id in e  >
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Table 5 : Comparison o f P y r id in e .  2 -P ic o l in e .  and 2 .6 -L u tid in e

w ith  V arious R eference  A c id s .a

AcidMeasurement

PKa H 5 .17 5 .97 6 .75

-A H b *s ( b h 3 ) 2 2 0 . 2 19.7 16.4

-A H b f 3 33.3 31 .6 25 .8

-A H BMe3 21.4 16.1 No R eaction

aTable reproduced  from re fe re n c e  37 . ^ - ^ H  (k ca l/m o le ) in

n itro b en z en e  s o lu t io n  fo r  r e a c t io n  B ase (so l)  + A c i d ( s o l ) C o m p l e x ( s o l ) .
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2 -p lc o l in e  >  2 ,6 - l u t i d i n e .  The e f f e c t  on AH becomes more 

pronounced as th e  s t e r i c  req u irem en ts  o f  th e  a c id  in c re a s e :

BH  ̂ <  BFg <  BMe^. He s u g g e s ts  t h a t ,  even w ith  b o ra n e , th e  s t e r i c  

in t e r a c t io n  between th e  m ethyl groups on th e  p y r id in e  and th e  a c id  

i s  enough to  s i g n i f i c a n t ly  a f f e c t  A H ,

Thermochemical d a ta  on th e  h e a ts  o f  r e a c t io n  o f  a l i p h a t i c  

amines and p y r id in e  w ith  v a r io u s  Lewis a c id s  shou ld  g iv e  an in s ig h t  

in to  th e  s t r e n g th  o f th e  B-N bond. However, c o n s is te n t  d a ta  under

id e n t i c a l  c o n d itio n s  i s  h a rd  to  f in d .  T ab le  6  l i s t s  th e  h e a ts  o f
38 3R 39

r e a c t io n  f o r  Me^N and C ^ N  w ith  BF3 , BH3 , and BMe^, I t  shou ld

be n o ted  th a t  th e  v a lu e s  f o r  th e  C^H^N complexes w ere o b ta in ed  in

n itro b e n z e n e  s o lu t io n ,  w hereas th e  o th e r  v a lu e s  w ere o b ta in ed  in  th e
AO

gas p h a se . Brown and H orow itz su g g es t th a t  th e  d i f f e r e n t  phases

may have l i t t l e  e f f e c t  on th e  v a lu e  o f  A H , b u t t h i s  su g g es tio n  i s

open to  q u e s tio n  in  l i g h t  o f  th e  d i f f e r e n c e s  betw een pK and PA

v a lu es  (v id e  s u p r a ) . N e v e r th e le s s , th e  d a ta  does show Me^N and

C^H^N to  be  com parable in  b a s i c i t y .
A1Mooney and cow orkers have re p o r te d  th e  b ase  s t r e n g th  o f

p y r id in e  to  be g r e a te r  th an  tr ie th y la m in e  tow ards th e  boron

t r i h a l i d e s  (BF^, BCl^, BBr^), The a u th o rs  m a in ta in  th a t  th e  donor 

a b i l i t y  o f  fc b ase  (o r  th e  a c c e p to r  a b i l i t y  o f  an a c id )  can be 

c o r r e la te d  w ith  **B NMR chem ical s h i f t  d a ta .  As th e  b a s i c i t y  i s  

in c re a s e d ,  th e  e le c t r o n  d e n s ity  a t  th e  boron in c r e a s e s ,  le a d in g  to  

a g r e a te r  d if f e r e n c e  betw een th e  ^ B  chem ical s h i f t  o f  th e  complexed 

and f r e e  boron  t r i h a l i d e  ( A<  ̂) .  T ab le  7 l i s t s  th e  d a ta  and 

shows th a t  th e  A  (P v a lu e  f o r  C^H^N i s  c o n s is te n t ly  g r e a te r  th an
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Me3N

c5 h5n

Me3N

c 5 h5n

Me3N

c5 h5n

T able  6 : H eats o f R eac tio n  (^ H )  o f  Me3N

and C^H^N w ith  BMe3 , BH3> BF3 .

ACID PHASE -A  Ha

BMe  ̂ gas 17.6

BMe3  gas 17.0

BH3  gas 31.5

BH3  solution** 32.5

BF3  gas 3 0 .9C

BF3  s o lu t io n *1 32.9

^ c a l /m o le .  ^ n itro b e n z e n e  s o lu t io n .  CA nother v a lu e  o f 26 .6  has been 

su g g es ted  (R ef.3 8 ) .
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T able 7 : U B -Chemical S h i f t s < /> f o r  C.H N 
5 5

•BX and Et_N* 
3  3 BX3

(X » F .C l.B r)  in  Acetone S o lu tio n .
a

ri c
complex^

P b 
<r ac id a J

X C5 H5 N*BX3  E t 3 N*BX3 bx3 c5 h 5 n»bx 3 E t3 N«BX3

F + 0 .3  -0 .2 - 9 .7 + 1 0 . 0 +9.5

Cl - 8 .0  -1 0 .0 -4 7 .6 +39.6 +37.6

Br + 7 .1  +5.1 -4 0 .0 +47.1 +45.1

a bT able ta k en  from re fe re n c e  41 . ppm from e x te r n a l  M^OBF^

a<F m f  complex £  acid*
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th e  v a lu e  fo r  E t3 N.

These r e s u l t s  have been c r i t i c i z e d  because  chem ical s h i f t s
42a re  dependent on o th e r  f a c to r s  as w e l l .  However, in  su p p o rt o f  th e

e v id e n c e , th e  d a ta  (T ab le  7) a ls o  shows th a t  th e  r e l a t i v e  a c i d i t i e s

o f th e  boron  t r i h a l i d e s  in c re a s e  in  th e  o rd e r BF <  BCl. <  BBr ,
J J

42and t h i s  o rd e r i s  w e ll known.

43F in a l ly ,  H i l l i e r  and cow orkers m easured th e  co re  e le c t r o n

b in d in g  e n e rg ie s  o f th e  boron Is  o r b i t a l  in  C^H^N'BF^ and

C2 H2 NH2 *BF^ by x - ra y  p h o to e le c tro n  sp ec tro sco p y  (ESCA). The a u th o rs

su g g es t t h a t  th e  a b so lu te  v a lu e  o f th e  B I s  o r b i t a l  energy  shou ld

r e f l e c t  th e  donor a b i l i t y  o f th e  b a se ; th e  g r e a te r  th e  d o n a tio n ,

th e  more d e s ta b i l iz e d  th e  B Is  o r b i t a l  (low er b in d in g  e n e rg y ) .

T h e ir  r e s u l t s  fo r  th e  B Is  b in d in g  e n e rg ie s  o f  C^H^N-BF^ and

C2 H5 NH2 »BF3  a re  194.5 eV and 194,8 eV, r e s p e c t iv e ly .  T his

d if f e r e n c e  o f 0 ,3  eV, they  m a in ta in , i s  enough to  in d ic a te  th a t

p y r id in e  i s  a b e t t e r  b a se . A lthough co n c lu s io n s  drawn from  a

d if f e re n c e  o f 0 .3  eV w ith  such la rg e  a b so lu te  v a lu e s  may b e

q u e s tio n e d , t h e i r  co n c lu s io n  i s  a ls o  su p p o rted  by ab i n i t i o  and
43se m i-e m p ir ic a l m o lecu la r o r b i t a l  c a lc u la t io n s .

The above d is c u s s io n  summarizes some o f th e  p re v io u s  ev id en ce  

concern ing  th e  r e l a t i v e  b a s i c i t i e s  o f  p y r id in e  and a l i p h a t i c  am ines. 

A lthough n o t c o n c lu s iv e , th e  ev id en ce  does in d ic a te  p y r id in e  to  be 

as good a  b a se  as  a l ip h a t i c  am ines, i f  n o t b e t t e r .  I t  sh o u ld  a ls o  

be p o in te d  ou t t h a t  in  no in v e s t ig a t io n  (ex cep t f o r  th e  pK d a ta )
SL

was p y r id in e  found to  be a w eaker b a se  than  a l i p h a t i c  am ines.
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I t  i s  p o s s ib le  th a t  th e  h y p e rc o n ju g a tiv e  i n t e r a c t i o n ,  p e c u l i a r

to  th e  ac id  BH^, can in f lu e n c e  th e  a p p a ren t base  s t r e n g th  o f

p y r id in e . T h is e f f e c t  can be d e fin ed  as  a  J* -  7T in t e r a c t io n  between

th e  B-H (T o r b i t a l s  on th e  a c id  and th e  Tj' - ty p e  o r b i t a l s  on th e  b a se .

U ypercon jugation  has been  invoked to  e x p la in  th e  e x is te n c e  o f

OOBHg and F^P* BH  ̂ and th e  n o n e x is ten c e  o f  OOBF^, F^P* BF^, and

F|jN*BF^. H yperconjugation  p ro v id es  a mechanism whereby e le c t r o n

d e n s ity  from th e  B-H <T bonds can be d e lo c a liz e d  in to  th e  v a ca n t 7 7 * *

(OC’BH^) o r 3d(F^P*BH^) o r b i t a l s  on th e  b a s e ,  th u s  s t a b i l i z i n g  th e

m olecu le . The e x is te n c e  and e x te n t  o f  h y p e rc o n ju g a tio n  i n  borane

complexes has been  a s u b je c t  o f  some c o n tro v e rsy  ov er th e  

33 44 45y e a r s ,  '  * b u t i t  i s  an in te r a c t io n  to  be c o n sid e re d  when

d e a lin g  w ith  complexes o f b o ran e .

Before p ro ceed in g  to  th e  r e s u l t s  o f th e  p re s e n t  s tu d y , m ention

shou ld  be made o f th e  band assignm ents in  th e  p e s  o f th e  uncomplexed

p y r id in e ,  s in c e  th e  assignm ents have produced somewhat o f a
46 47 48co n tro v e rsy  ov er th e  p a s t  few y e a r s .  * * T ab le  8  l i s t s  th e  f i r s t

th re e  I P 's  o f  v a rio u s  uncomplexed 4 - s u b s t i tu te d  p y r id in e s .  The

assignm ent o f  th e  f i r s t  two I P 's  has been  th e  p o in t  in  q u e s t io n .
46 47However, re c e n t ex p erim en ta l ev id en ce  * su p p o rts  th e  assignm ents

48 „
o f H e ilb ro n n e r, where th e  f i r s t  io n iz a t io n  a r i s e s  from th e  " lo n e

p a i r ' '  (n) o r b i t a l  on n i tro g e n  and th e  second and th i r d  io n iz a t io n s

from th e  and o r b i t a l s ,  r e s p e c t iv e ly  (F ig u re  6 ) .  These l a t t e r

two 7 T o r b i t a l s  a re  d e riv ed  from th e  d e g en e ra te  eg 7T  o r b i t a l s

(IP  ■ 9.24 eV) o f  benzene and a re  s p l i t  in  th e  reduced  symmetry o f
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a
T able  8 : V e r t ic a l  Io n iz a t io n  P o te n t ia l s  o f  RC H N.

■> 4

I P ,b IP C IP  d
1 2 3

4-H6  9 .6 0 f  9 .75  10.50

4-CH3e 9 .5 0 f  9 .6 0  10.05

4-(CH3 ) 3 Ce 9 .3 f  9 .5 f  9 .7

4-CF3  1 0 .l f  10.26 11.12

4-N02  1 0 .4f  10.48

a b cIn  eV. A ssigned to  th e  n  o r b i t a l .  A ssigned to  th e  a 2  o r b i t a l .
d e f

A ssigned to  th e  b^ o r b i t a l .  R eferences 47 , 48. S hou lder o r

o v e rlap p in g  band.
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F igure  6 ; The Two H ighest Occupied I f  M o lecu lar O rb i ta ls  o f P y r id in e . 3

'N

0
Based on MINDO/2 c a lc u la t io n s  from t h i s  la b o r a to r y .
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p y r id in e  (Dg^—> C2 V) .  The s t a b i l i z a t i o n  o f  b o th  o r b i t a l s  a r i s e s  

from th e  e le c t ro n e g a t iv e  n i t ro g e n  r in g  h e te ro a to m ; th e  o r b i t a l  

i s  s t a b i l i z e d  to  a  g r e a te r  e x te n t  s in c e  t h i s  o r b i t a l  has d e n s i ty  a t  

th e  n i tro g e n  r in g  p o s i t io n  (F ig u re  6 ) ,  T h is  a ss ig n m en t, n C lP } ), 

a 2 ^ P2 ^» and b j.( IP ;j) , i s  th e  one we have adop ted .

A ssignm ents and S u b s t i tu e n t  E f fe c ts

The IP v a lu e s  o f  th e  4 - s u b s t i tu te d  p y r id in e -b o ra n e s  a re  l i s t e d

in  Table 9 . The p es  o f  p y rid in e -b o ra n e  shows th re e  a s s ig n a b le  peaks

below 12 eV, and t h i s  p a t t e r n  p e r s i s t s  fo r  m ost o f th e  s u b s t i tu te d

p y r id in e -b o ra n e s  as w e l l .  E xcep tio n s  a re  th e  methoxy d e r iv a t iv e

where IP 2  and IP 3  o v e r la p , and th o se  d e r iv a t iv e s  where io n iz a t io n

from s u b s t i t u e n t  o r b i t a l s  (o r  o r b i t a l s  w ith  s ig n i f i c a n t  s u b s t i tu e n t

c h a ra c te r )  i n t e r f e r e  w ith  th e  assignm ent o f  IP 3 . A ssignm ents w ere

49made w ith  th e  a id  o f  a  MINDO/2 c a lc u la t io n  on p y r id in e -b o ra n e , 

w ith  a p p ro p r ia te  p a ram e te rs  chosen f o r  th e  c a lc u la t io n  o f th e  B-N, 

B-H, and B-C reso n an ce  i n t e g r a l s .  Not only  was th e  a ss ig n e d  o rd e r  

o f  I P 's  from th e  BH3  group and th e  p y r id in e  &2 an<* * > 1  TT  o r b i t a l s  

i n  agreem ent w ith  th e  c a lc u la te d  o rd e r ,  b u t th e  c a lc u la te d  energy  

o f  s t a b i l i z a t i o n  o f th e  p y r id in e  a 2  and b} 7T o r b i t a l s  upon 

com plexation  was in  agreem ent w ith  th e  e x p e r im e n ta lly  found 

in c re a s e  in  th e  I P 's .  The c a lc u la te d  s t a b i l i z a t i o n s  o f  th e  a 2  and 

b^ o r b i t a l s  w ere 0 .6 4  eV and 1.15 eV r e s p e c t iv e ly ,  w h ile  th e  

e x p e rim en ta l in c re a s e s  w ere 0 .8 8  eV and 1 .38  eV r e s p e c t iv e ly  (T ab les  

8 , 9 , and re fe re n c e s  4 8 , 4 9 ) .  The o rd e r  o f  energy  l e v e l s  from
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T ab le  9 : V e r t ic a l
a

Io n iz a t io n  P o te n t ia l s o f RC_H,N»BH . 
5 4 3

R ip  "  
1

IP
3

4-CH30 9.30 1 0 . 5d

4-(CH3) 3C 9.45 10.30 1 1 . 2 1 ®

4-CH3 9.50 10.45 11.41®

4-H 9.72 10.63 1 1 . 8 8 0

4-C1 9.71 10.84 1 1 .37f

4-B r 9.71 1 0 .828 11 .07f

4 -CF3 10.04 1 1 . 0 2
e

12.3

4-N02h 10.27 11.25

a b cIn  eV. BH group -  see  t e x t .  Ring a o r b i t a l  -  see  t e x t .
d

IP 2  and IP^ a re  u n re so lv ed . The v a lu e  l i s t e d  i s  th e  maximum
e

of th e  r e s u l t in g  peak . A ssigned to  b^ o r b i t a l ,  la rg e ly  l o c a l -
f

iz e d  on th e  r in g .  S ig n i f ic a n t  adm ixture  of ha logen  lo n e  p a i r

c h a r a c te r .  A d d itio n a l bands a t  12.32 (c h lo ro  compound) and 11.59
g

(bromo compound) a ls o  a ss ig n ed  to  halogen  lone  p a i r .  S hou lder. 

A d d itio n a l I P 's  from 1 1 .9 -1 2 .5  due to  th e  NO2  group.
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c a lc u la t io n s  u s in g  th e  PRDDO^ tech n iq u e  ( p a r t i a l  r e te n t io n  o f 

d ia to m ic  d i f f e r e n t i a l  o v e rla p )  was a ls o  c o n s is te n t  w ith  th e  a ss ig n ed  

o rd e r  o f  IP 's *

The f i r s t  band in  th e  s p e c tr a  i s  a ss ig n ed  to  io n iz a t io n  from

th e  e o r b i t a l s  of- th e  BH  ̂ group (v id e  s u p ra )* T h is  io n iz a t io n  i s  in

th e  same re g io n  as  th e  co rresp o n d in g  v e r t i c a l  IP in  th e  s p e c t r a  o f

33th e  m ethy lam ine-bo ranes. However, no v ib r a t io n a l  f in e  s t r u c tu r e  on

t h i s  band was observed  f o r  th e  p y r id in e  com plexes, w hereas f in e

33s t r u c tu r e  was observed  fo r  th e  m ethylam lne com plexes. In  th e

reduced  symmetry o f th e  p y r id in e  com plex, th e  degeneracy o f th e  e

o r b i t a l s  i s  s p l i t ,  w ith  one o f th e  components having  7 T symmetry

s u i t a b l e  f o r  I n te r a c t io n  w ith  th e  r in g  b j  y r  o r b i t a l .  However no

s p l i t t i n g  o f th e  peak  was o b serv ed , c o n s is te n t  w ith  th e  r e s u l t  o f

th e  MINDO/2 c a lc u la t io n  on p y r id in e -b o ra n e , w hich showed th e

s p l i t t i n g  to  be on ly  o f  th e  o rd e r  o f 0 .1  eV. An a ttem p ted  c o r r e la t io n

betw een th e  IP^ v a lu e s  o f th e  s u b s t i tu te d  p y rid in e -b o ra n e s  and th e  
21CTp v a lu e s  o f  th e  s u b s t i tu e n ts  r e s u l te d  in  th e  two re g re s s io n

l in e s  (F ig u re  7 ) .  The CH^O, H, and a lk y l  s u b s t i tu e n ts  gave

IP -  1 .52 0“  + 9 .7 3 , w ith  no IP v a lu e  more th an  0 .03  eV from th e  
P

re g re s s io n  l i n e ,  w h ile  th e  h a lo ,  CF^, and N0 £ s u b s t i tu e n ts  gave

IP  « 1 .0 2  <T + 9 .4 8 , w ith  no IP v a lu e  more than  0 .01  eV from th e  
P '

r e g re s s io n  l i n e  (see  F ig u re  7 ) .  The s m a lle r  s lo p e  in  th e  

r e la t io n s h ip  in v o lv in g  th e  e le c t ro n  w ithdraw ing s u b s t i tu e n ts  shows 

t h a t  t h e i r  e f f e c t  l i  c l e a r ly  d im in ish ed . The p resen ce  o f  th e  

e le c t r o n  w ithdraw ing  ^N-BHg group red u ces  th e  e f f e c t  of th e  e le c t r o n  

w ithdraw ing  groups in  th e  p a ra  p o s i t io n .  Examples o f t h i s  phenomenon
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F ig u re  7 : C o rre la tio n  o f  IP^ w ith  th e  Hammett (T  S u b s t i tu e n t  C onstan t

f o r  R C ^N 'B H  .

NO,

10.2

CF

10.0

Hcu
H

9 .8

C l.B r

9 .6

CH

9 .4

Hammett <Tp P aram e ter
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51ap p ear In  th e  chem istry  o f  both  4 - s u b s t i tu te d  p y r id in e s ,  and p a ra
52

d is u b s t i tu te d  benzenes. The same e f f e c t  was observed  in  an

a ttem p ted  c o r r e la t io n  between th e  IP^ v a lu e s  and th e  pKfl v a lu e s  o f

th e  co rrespond ing  s u b s t i tu te d  p y r id in e s .

The second band in  each  spectrum  i s  a ss ig n e d  to  th e  r in g  a 2

o r b i t a l  (F ig u re  8 ) ,  w ith  th e  e x ce p tio n  o f th e  methoxy d e r iv a t iv e

(se e  d is c u s s io n  above). The in c re a s e  in  IP 2  upon com plexation  o f

p y r id in e ,  0 .8 8  eV, i s  in  th e  same range as th e  in c re a s e s  found fo r

th e  a lk y l ,  CF^ and NO2  d e r iv a t iv e s ,  0 .7 5 -0 .9  eV. The c h lo ro  compound

i s  n o t in c lu d ed  because th e re  i s  no r e a l  r e s o lu t io n  o f th e  f i r s t
53th re e  bands in  th e  spectrum  of 4 -c h lo ro p y r id in e . The IP 2  and (Tp

v a lu e s  a re  c o r re la te d  by one re g re s s io n  l i n e  (v id e  i n f r a ) ,

IP « 0 .88  <T + 10.58 (F ig u re  9 ) ,  where a l l  IP  v a lu e s  a re  w ith in  
P

0 .0 6  eV of th e  re g re ss io n  l i n e ,  ex ce p t f o r  th e  t - b u t y l  d e r iv a t iv e  

(0 .11  eV).

The th i r d  band in  th e  s p e c t r a  o f th e  a lk y l  and CF^ d e r iv a t iv e s  

i s  a ss ig n ed  to  io n iz a t io n  from th e  7 7 " o r b i t a l  (F ig u re  8 ) .  The 

in c re a s e  in  IP 3 ,  upon com plexation o f th e  p y r id in e ,  ran g es  from 1 . 2  

eV fo r  th e  CF3  d e r iv a t iv e  to  1 ,5  eV fo r  th e  t - b u t y l  d e r iv a t iv e .  

M oreover, th e  v a lu e  of IP^ i s  more s e n s i t iv e  to  th e  s u b s t i tu e n t  th a n  

th e  o th e r  a ss ig n ed  I P 's  (w ith  th e  CF^ group ag a in  showing a 

decreased  e le c t r o n  w ithdraw ing e f f e c t ) .  T h is  would be c o n s is te n t  

w ith  th e  assignm ent of IP^ to  an o r b i t a l  w ith  a l a r g e  v a lu e  a t  th e  

4 -p o s i t io n .  The r e s u l t s  o b ta in ed  w ith  IP^ a re  in  c o n t r a s t  to  th e  

s m a lle r  in c re a s e  o f IP upon com plexation , and th e  s m a lle r  s u b s t i -  

tu e n t  e f f e c t .  T h is i s  c o n s is te n t  w ith  th e  assignm ent o f IP 2  to



F ig u re  8 : The Two H ighest O ccupied 7T M olecu lar O rb i ta ls  of

C5H5N*BH3 . a

6

aBased on MINDO/2 c a lc u la t io n s  from t h i s  la b o ra to ry .
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F ig u re  9 : C o r re la t io n  o f  IP 9  w ith  th e  Hammett <J~ S u b s ti tu e n t  C onstan ti  p

f o r  RC_H N*BH .
5 4 3

NO

11.2

11.0

10.8

CM

10.6

•  CH

10.4

0 .2  0 .0  + 0 .2  + 0 .4  + 0 .6  +0 .8

Hammett CT P aram eter 
P
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th e  r in g  o r b i t a l  c o n ta in in g  a  n o d a l p la n e  th rough  p o s i t io n s  1  and 4 , 

w ith  th e  s u b s t i tu e n t  e x e r t in g  on ly  an in d u c tiv e  e f f e c t .  The n a tu re  o f 

th e  a 2  r in g  o r b i t a l  a ls o  seems re s p o n s ib le  f o r  th e  s in g le  re g re s s io n  

l i n e  r e l a t i n g  IP 2  w ith  (Tp »

One d i f f i c u l t y  in  th e  p re s e n t  s tu d y  i s  th e  la c k  o f any s e p a ra te ly  

o b se rv ab le  band due to  th e  h ig h e s t  occupied  a^ o r b i t a l ,  w hich c o n ta in s  

s ig n i f i c a n t  n i tro g e n  lo n e  p a i r  c h a ra c te r  in  p y r id in e  and B-N bonding 

c h a ra c te r  in  th e  b o rane  complex. A re a so n ab le  e s tim a te  o f  th e  

s t a b i l i z a t i o n  o f th e  p y r id in e  a^ o r b i t a l  upon com plexation  would 

p la c e  th e  IP from th e  o r b i t a l  o f  th e  p y rid in e -b o ra n e s  i n  th e  

re g io n  d isc u sse d  in  t h i s  p a p e r . T h is i s  based  on th e  M1ND0/2

33c a lc u la t io n  and th e  pes o f  NH^’ BH  ̂ o r  th e  a lk y lam in e -b o ran es .

I t  would seem l i k e l y ,  th e r e f o r e ,  t h a t  e i t h e r  IP 2  o r  1P^ c o n ta in s  an 

u n re so lv ed  component due to  th e  a^ o r b i t a l .

D iscu ssio n

The r e s u l t s  o f  t h i s  s tu d y  in d ic a te  t h a t  th e re  i s  no s ig n i f i c a n t  

in t e r a c t io n  betw een th e  7 T  system  on p y r id in e  and th e  77" component 

o f  th e  BH3  group o r b i t a l s .  The la c k  o f  any observed  s p l i t t i n g  o f 

th e  e  o r b i t a l s  ( I P j )  su g g e s ts  t h a t  th e  energy  o f th e  7T component 

i s  n o t p e r tu rb e d  by th e  r in g  any more th a n  th e  o th e r  component.

The r e s u l t s  o f  th e  MINDO/2 c a lc u la t io n  show th a t  th e  TT component 

o f th e  e  o r b i t a l s  i s  la r g e ly  lo c a l iz e d  on th e  BH  ̂ group (80%) w h ile  

th e  b^ r in g  o r b i t a l  (F ig u re  8 ) c o n ta in s  l i t t l e  BH  ̂ c h a r a c te r  (15%). 

M oreover, th e  la c k  o f  d e v ia t io n  from th e  (T^ c o r r e la t io n ,  

p a r t i c u l a r ly  on th e  p a r t  o f  th e  methoxy s u b s t i t u e n t ,  a rgues a g a in s t
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any enhanced resonance  in te r a c t io n  betw een th e  s u b s t i tu e n ts  and th e
54 55 +BH  ̂ group . * An a ttem p ted  c o r r e la t io n  o f IP^ w ith  0~p was

u n s u c c e s s fu l.

A com parison o f th e  I P 's  o f th e  BH  ̂ e  o r b i t a l s  in  th e  p y r id in e  

33and m ethylam ine add u cts  cou ld  g ive  an in s ig h t  in to  th e  r e l a t i v e

donor a b i l i t i e s  o f  th e  two Lewis b a se s . A com parison o f th e

co rresp o n d in g  B-N (T bonding I P 's  m ight be  a  b e t t e r  p ro b e , b u t t h i s

o r b i t a l  i s  n o t observed  in  th e  p y rid in e -b o ra n e  s p e c tr a .  The

v e r t i c a l  I P 's  o f  th e  BH  ̂ e  o r b i t a l s  in  th e  two complexes a re  9 .7 2  eV

and 10,01 e V ^  f o r  C^H^N•BH  ̂ and Me^N'BH^, r e s p e c t iv e ly .  These

v a lu e s  show th a t  th e  BH  ̂ e  o r b i t a l s  in  th e  p y r id in e  complex a re  o f

h ig h e r  energy  th a n  th o se  o f th e  trim eth y lam in e  complex.

These r e s u l t s  may in d ic a te  t h a t .p y r id in e  i s  a b e t t e r  b ase

tow ards b o ran e . I t  d o n a tes  e le c t ro n  d e n s i ty  th rough  th e  <T system

to  a g r e a te r  e x te n t ,  r e s u l t in g  in  g r e a te r  d e n s ity  in  th e  BH  ̂ e  o r b i t a l s ,

le a d in g  to  a low er IP . However, t h i s  e x p la n a tio n  i s  d i f f i c u l t  to

accep t in  view o f th e  t r a d i t i o n a l  " h y b r id iz a t io n "  co n cep t.

An a l t e r n a t iv e  e x p la n a tio n  could  be th e  v a r ia t io n  in  th e  H-B-H

bond an g le  in  th e  com plexes. As t h i s  an g le  d e c rea se s  ( l e s s  s

c h a r a c te r )  th e  IP would a ls o  be expec ted  to  d e c re a se . A lthough th e
o 56

H-B-H bond a n g le  in  Me^N'BH^ i s  known (112 ) ,  u n fo r tu n a te ly  th e  

co rre sp o n d in g  an g le  in  C^H^N•BH  ̂ i s  n o t .  The F-B-F bond an g le s  f o r  

th e  BF^ complexes have been  m easured, how ever. The w ider an g le  has
o 5 7

been found fo r  th e  C^H^N complex (110 ) compared to  th e  Me-jN 
o 58complex (107 ) .  I f  t h i s  d if f e r e n c e  can be ex tended to  th e  

co rresp o n d in g  b o ra n e s , th e  pes r e s u l t s  would be th e  o p p o s ite  of
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th o se  e x p ec ted .

The r e s u l t s  m ight a ls o  be r a t io n a l iz e d  in  term s o f s t e r i c  e f f e c t s

s in c e  th e  Me^N cou ld  be co n sid e red  th e  b u lk ie r  g roup . A lthough s t e r i c

in te r a c t io n  cannot be ru le d  o u t by th e  p re s e n t s tu d y , i t  seems

.u n l ik e ly  th a t  m ethyl groups a tta c h e d  to  th e  n i tro g e n  would s t e r i c a l l y

i n t e r a c t  to  any s ig n i f i c a n t  e x te n t  w ith  th e  bo ran e  hyd rogens. I t  i s

su g g e s te d , th e r e f o r e ,  th a t  th e  ap p aren t in c re a se d  b a s i c i t y  o f

p y r id in e  in  t h i s  s tu d y  i s  due to  th e  a v a i l a b i l i t y  o f th e  e x t r a

e le c t ro n  d e n s ity  co n ta in ed  in  th e  7T system  o f th e  r in g .  P o la r iz a t io n

of th e  7 r  system  could  s h i f t  e le c t r o n  d e n s i ty  to  th e  r in g  n i t r o g e n ,

35analogous to  th e  p o la r iz a t io n  found in  th e  p y rid in iu m  io n  (v id e  

s u p r a ) . I f  t h i s  p o la r iz a t io n  occu rs  in  th e  ground s t a t e ,  th e  e le c t r o n s  

in  th e  BH  ̂ e  o r b i t a l s  sho u ld  be e a s i e r  to  io n iz e  on account o f 

e le c t r o n - e le c t r o n  re p u ls io n . I f  i t  ta k e s  p la c e  i n  th e  r a d ic a l  c a t io n ,  

a s t a b i l i z a t i o n  o f th e  c a tio n  would le a d  to  a low er IP , i . e . ,  Koopmans* 

Theorem f a i l s .  I t  shou ld  ag a in  be p o in te d  ou t t h a t  any d i r e c t  I f  

i n te r a c t io n  betw een C^H^N and BH  ̂ in  th e  com plex, even in  th e  c a t io n ,  

has a lre a d y  been ru le d  o u t .  T h is  s tu d y  cannot d i f f e r e n t i a t e  

betw een p o la r iz a t io n  in  th e  ground o r  c a t io n ic  s t a t e ,  b u t 

s t a b i l i z a t i o n  o f  th e  c a t io n  seems more i n t u i t i v e l y  re a so n a b le .

Comparison w ith  P y r id in e  N-Oxide

The r e s u l t s  o f  t h i s  s tu d y  can be compared to  th e  r e s u l t s  o f  ou r
25p rev io u s  work on 4 - s u b s t i tu te d  p y r id in e  N -oxides (T ab le  10)• The 

assignm ents h e re  w ere o r ig in a l ly  based  on SCF c a lc u la t io n s  on p y r id in e
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T able 10: The V e r t ic a l  Io n iz a tio n  P o te n t ia ls  (eV) o f  RCcH,N-(3 4

a b c
R IP . IP IP

1 2 3

4~CH30 7.89 8.96 10.17

4 - ( cH3) 3c 8 .00  9 .03  9 .9 5

4-CH3  8 .17 9 .09 10.13

4-H 8.46 9.34 10.36

4-C1 8.51 9 .48 10.61

4-B r 8 .44  9 .44 -  *

4-CF„ 8 .90 9 .76  10.80

a7 f0 : (3b^> o r b i t a l ;  b <T0; (b^) o r b i t a l ;  C TTa^ o r b i t a l ;
d e

7Y 2b j  o r b i t a l ;  Halogen lo n e  p a i r  io n iz a t io n s  i n t e r f e r e .

d
IP

4

10.54

1 1 . 0 0

11.19

11.59
«

12.24

12.03
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59N -oxide by K obinata  and N agakura, c a lc u la t io n s  by K ubota,

and th e  b e h av io r o f  th e  v a rio u s  I P 's  w ith  d i f f e r e n t  s u b s t i t u e n t s .

S u b seq u en tly , our assignm ents o f IP^ and IP 2  w ere shown to  be  in

th e  re v e rse  o rd e r  to  assignm ents made w ith  th e  h e lp  o f  MIND0/2

c a lc u la t io n s  and He I I  (40 .82  eV) e x c i t a t i o n . * * 1  The r e s u l t s  in

T ab le  10 r e f l e c t ,  o b v io u s ly , th e  c o r re c te d  o rd e r .  IP ^ , IP ^ , and

IP^ a re  a ss ig n ed  to  io n iz a t io n s  from th e  th re e  h ig h e s t  occupied

7 T m o lecu la r o r b i t a l s ,  3 b ^ (If  0 : ) ,  a 2 , and 2b^, r e s p e c t iv e ly

(F ig u re  1 0 ), IP 2  i s  a ss ig n ed  to  th e  <T lo n e  p a i r  on oxygen ((T O :).

IP 2  a r i s e s  from th e  o v e rla p  o f  th e  oxygen lo n e  p a i r  o f  IT  symmetry

and th e  b} o r b i t a l  o f  p y r id in e ;  how ever, t h i s  o r b i t a l  i s  h ig h ly

lo c a l iz e d  on th e  oxygen (F ig u re  1 0 ),

I t  i s  o f  i n t e r e s t  to  compare IP^ o f th e  N -oxide w ith  IP 2  o f

th e  b o ra n e , b o th  due to  th e  a 2  o r b i t a l ,  and IP^ o f  th e  N -oxide

w ith  IP^ o f  th e  b o ra n e , b o th  due to  th e  b j  o r b i t a l  w ith  m ostly

r in g  c h a r a c te r  (T able  1 1 ). A lthough th e  in c r e a s e s ,  A  *2 ant* ^  b j

(T able  1 1 ) , a re  s m a lle r  f o r  th e  N -oxides th an  f o r  th e  b o ra n e s , th e

r e l a t i v e  s t a b i l i z a t i o n s  o f  th e  8 2  and b^ o r b i t a l s  in  th e  two system s

a re  c o n s is te n t .  The s m a lle r  in c re a s e s  upon N -oxide fo rm atio n  a re

62n o t c o n s is te n t  w ith  th e  c a lc u la te d  r e s u l t s  on th e  two sy stem s. 

T h e re fo re , i t  ap p ears  th a t  th e  io n iz a t io n  o f  th e  r in g  7 T  e le c t r o n s  

in  th e  N -oxide i s  low ered in  energy  th ro u g h  s t a b i l i z a t i o n  o f th e  

in c ip ie n t  c a t io n  by th e  n e ig h b o rin g  oxygen e le c t r o n s .  T h is seems 

to  r e f l e c t  th e  g r e a te r  a v a i l a b i l i t y  o f  e le c t r o n  d e n s i ty  i n  an 

oxygen lo n e  p a i r  p 7T o rb i ta l ,  r e l a t i v e  to  th e  d e n s i ty  a v a i la b le  in  

th e  BH  ̂ (T bonding o r b i t a l s  d i r e c te d  away from th e  r in g  7 T system .



F ig u re  10; The Three H ig h est Occupied 7T" M olecu lar O rb i ta l 9  o f
a

P y r id in e  N-Oxide.

3b, a . 2 b

a
Based on MINDO/2 c a lc u la t io n s  from t h i s  la b o ra to ry .
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T ab le  11: The R e la t iv e  S ta b i l i z a t io n s *  o f  th e  RCcH N T f  M olecular

O r b i ta l s  Upon N-Oxide Form ation and Com plexation w ith  BH^.

R N-0 BH3 N-0
BH3

4-H 0.61 0 . 8 8 1.09 1.38

4-CH3 0 .53 0 .85 1.14 1.36

4-(CH3) 3C 0.45 0 . 8 1 .3 1.51

4CF3 0.54 0 .76 0.91 1.18

a I n  eV. ^  -  IP complex  ‘  " b a s e '
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P re p a ra tio n  o f  Compounds

P y rid in e -b o ra n e  was o b ta in ed  from th e  A ld rich  Chem ical Company 

and used a f t e r  th e  removal o f  ex cess  p y r id in e  in  vacuo. 4 -P ic o l in e  

and 4 - t - b u ty lp y r id in e  were purchased  (A ld rich ) and used w ith o u t 

f u r th e r  p u r i f i c a t i o n .  4 -T rif lu o ro m e th y lp y rid in e  was a g i f t  from

D r. W. A. Sheppard o f Dupont. 4-M ethoxypyridine was p re p a red  by th e
63re d u c tio n  o f  4-m ethoxypyrid ine N-oxide w ith  PC l^. 4 -N itro p y r id in e *

was p re p a red  by th e  re d u c tio n  o f  4 -n i t ro p y r id in e  N -oxide w ith  a

m ix tu re  o f  I^SO^ and 4 -C h lo ro - and 4-brom opyrid ine w ere

o b ta in ed  by add ing  aqueous KOB to  c h i l l e d  s o lu t io n s  o f th e

co rre sp o n d in g  h y d ro c h lo rid e s  and e x tr a c t in g  th e  p ro d u c ts  w ith  e th e r .

The e th e r  s o lu t io n  was d r ie d  and th e  s o lv e n t removed im m ediate ly
o

b e fo re  u s e .  BF3 *Et2 0  was d i s t i l l e d  a t  39 C (7 mm) and s to re d  under 

p r e p u r i f ie d  n i t ro g e n .

4-M ethoxypyridine N -ox ide , 4 - t - b u ty lp y r id in e  N -ox ide ,

4 - p ic o l ln e  N -o x id e , and p y r id in e  N -oxide were pu rchased  com m ercially . 

A ll  w ere sub lim ed  under vacuum. 4-Bromo- and 4 -c h lo ro p y r id in e  

N -oxides w ere p rep a red  from 4 -n i t ro p y r id in e  N-oxlde and th e
65co rresp o n d in g  a c e ty l  h a l id e  acco rd in g  to  th e  p rocedure  o f I t a i .  

4 -T rif lu o ro m e th y lp y rid in e  N -oxide was p rep ared  by th e  o x id a tio n  o f 

4 - tr if lu o ro m e th y lp y r id in e  w ith  hydrogen p e ro x id e  in  a c e t i c  a c i d . ^

*CAUTION: One shou ld  be c a r e f u l  n o t to  l e t  4 -n i t ro p y r id in e  come
in  c o n ta c t w ith  th e  s k in  s in c e  i t  i s  l i k e ly  to  g ive  d is a g re e a b le  
b u rn s , som etim es cau sin g  sev e re  redden ing  and b l i s t e r i n g .



55

A ll  th e  N -oxides were d r ie d  over 1?2®5 im m ediately b e fo re  t h e i r  s p e c t r a  

w ere re c o rd ed . T ran s fe r  to  th e  p h o to e le c tro n  sp ec tro m e te r  was done 

as  q u ic k ly  as  p o s s ib le .

M eltin g  p o in ts  were measured w ith  a  Thomas Hoover C a p i l la ry  

A ppara tu s. E lem ental an a ly se s  w ere perform ed by G a lb ra ith  

L a b o ra to r ie s ,  In c o rp o ra te d , K n o x v ille , Tennessee 37921, and 

Schwarzkopf M ic ro a n a ly tic a l L a b o ra to ry , W oodside, New York 11377.

S y n th e s is  o f  RC_H N*BH :
5 4 3

The s u b s t i t u te d  p y rid in e -b o ra n e s  were p rep a red  by th e  method o f  
54

Mooney and Qaseem. D iborane was g en era ted  by th e  dropw ise a d d it io n

o f BF^*Et2 0  to  NaBH  ̂ in  diglym e and bubbled in to  a  s t i r r e d  p en tan e  

s o lu t io n  o f th e  s u b s t i tu te d  p y r id in e .  About 5 - 1 0  m inu tes a f t e r t  th e  

r e a c t io n  had begun, a  w h ite  p r e c ip i t a t e  o f th e  borane  complex came 

o u t o f th e  pen tane  s o lu t io n .  The re a c t io n  was s to p p ed  a f t e r  d ib o ran e  

b u b b lin g  had ceased . The p ro d u c t was f i l t e r e d ,  washed fo u r  tim es  

w ith  p e n ta n e , and t r e a te d  under vacuum to  remove th e  p e n ta n e . The 

y ie ld  i s  v i r t u a l l y  q u a n t i t a t iv e .  The complexes w ere p u r i f i e d  by 

vacuum su b lim a tio n  (Table 12 ). The compounds a re  a l l  a i r  s t a b l e  

ex cep t f o r  th e  n i t r o  d e r iv a t iv e  w hich i s  n o t only  a i r  s e n s i t i v e ,  b u t 

u n s ta b le  th e rm a lly  (exp lod ing  in  th e  su b lim a tio n  a p p a ra tu s ! )  and was 

used  w ith o u t p u r i f i c a t io n .  T ab le  12 g iv es  th e  a n a ly t i c a l  d a ta  on th e  

compounds p rep a red  fo r  th e  f i r s t  tim e , as w e ll  as th e  su b lim a tio n  

te m p e ra tu re s .

In  a  ty p ic a l  s y n th e s is ,  7 .1g  (0 .050 mole) of BF^*Et2 0  was added 

dropw ise to  a  m ix tu re  o f  1 .2g (0 .032  mole) o f NaBH  ̂ in  15 ml o f  

diglym e to  g e n e ra te  th e  The B^Hg was bubbled in to  a  s o lu t io n



T able  12: A n a ly tic a l  D ata on th e  P y r id in e  B oranes P rep ared  f o r  th e  F i r s t  Tim«»T

S u b s ti tu e n t m .p .(  C)

% C

C alcd . Found

% H

C alcd . Found

% N

C alcd . Found

Approxim ate
S ub lim ation
Tem perature

4 -CH3 0 92-95 58.61 58.72 8 . 2 0 8.31 11.39 11.33 80

4-(CH3) 3C 115-117 72.53 72.58 10.82 10.92 9 .40 9 .30 70

4-B r 151-152 (d e c .) 34.95 35.20 4.11 4.17 8.15 7.67 80

4-C1 140-142 (d e c .) 47.15 47.21 5.54 5.49 1 1 . 0 0 10.97 80

4-CF3 79-82 44.78 44.62 4.39 4.35 8 .71 8 .70 50

4-N09 c a . 133 (d e c .) 43.54 43.92 5 .12 4 .6 0 20.31 20.08
1

1) c
a °C .a t  0.05sm . CH^C^H^N»BH  ̂ ■ 60°C. Do n o t sublim e
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o f 1 .86g (0 .020  m ole) o f  4-CH„CH N in  50 ml o f  p en tan e . Care was
■*5 4

tak en  d u rin g  th e  r e a c t io n  to  a llo w  u n re a c te d  to  pass from th e

re a c tio n  f l a s k ,  th ro u g h  an o i l  b u b b le r , and in to  a s tream  o f  running  

w a te r . The e n t i r e  s e tu p  was p la ce d  in  a  fume hood and th e  a p p a ra tu s  

purged  w ith  n i t r o g e n  b o th  b e fo re  and a f t e r  th e  r e a c t io n .

*
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H is to r ic a l

Most o f  th e  t r a n s i t i o n  m eta l complexes th a t  have been s tu d ie d  by

p es  have been  e i t h e r  o rg a n o m e ta llic s  o r  m eta l carbonyls* These a re

v i r t u a l l y  th e  on ly  complexes w ith  enough v o l a t i l i t y  to  s tudy  w ith

t h i s  te c h n iq u e . T his d is c u s s io n  w i l l  focus on c a rb o n y ls , s u b s t i tu te d

c a rb o n y ls , and r e la te d  compounds (ex c lu d in g  m e ta l-o le f ln  bonded

com plexes), and w i l l  p o in t o u t some o f th e  in fo rm a tio n  a v a i la b le

from th e  s tu d y  o f t r a n s i t i o n  m e ta l complexes w ith  p e s .

One o f th e  main co n c lu s io n s  drawn from pes work on t r a n s i t i o n

m e ta l complexes has been th a t  Koopmans' Theorem o fte n  does n o t

c o r r e c t ly  p r e d ic t  th e  r e l a t i v e  IP v a lu e s  in  th e  p h o to e le c tro n
, N 67.68spectrum  (som etim es even f a i l i n g  to  p r e d ic t  th e  p ro p e r o rd e r ) .  '

T h is  f a c t  a p p a re n tly  a r i s e s  from th e  d if f e r e n c e  in  r e la x a t io n

e n e rg ie s  ( i . e . ,  th e  s t a b i l i z a t i o n  o f th e  c a t io n  th rough e le c t r o n ic

rea rran g em en t) o f  th e  o r b i t a l s  lo c a l iz e d  on th e  m e ta l, r e l a t i v e  to

m e ta l- l ig a n d  and pure  lig a n d  o r b i t a l s .  The g r e a te r  th e  r e la x a t io n

en e rg y , th e  more s t a b i l i z e d  i s  th e  c a t io n .  T h is le a d s  to  an

observed  IP low er than  th a t  p re d ic te d  by Koopmans' Theorem. T his

phenomenon i s  e v id e n t when ground s t a t e  m o lecu lar o r b i t a l

c a lc u la t io n s  a re  c a r r ie d  o u t to  i n t e r p r e t  pes d a ta  on complexes

c o n ta in in g  f i l l e d  m eta l d o r b i t a l s ,  H i l l i e r  and coworkers

in v e s t ig a te d  th e  i s o e le c t r o n ic  sp e c ie s  Ni(CO)^, Co(CO)^NO, and

Fe(C 0)n (NO) . The pes r e s u l t s  a re  l i s t e d  in  T ab le  13. The f i r s t  
2 2

two io n iz a t io n  bands in  th e  spectrum  o f Ni(CO)^ e x h ib i t  an 

in t e n s i t y  r a t i o  o f  3 :2 ,  r e s p e c t iv e ly .  T his would be expec ted  from
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T ab le  13 i E xperim ental V e r t ic a l  I o n iz a t io n  P o te n t i a l s  and O rb i ta l
a4

E nerg ies from Ab I n i t i o  and A SCF C a lc u la t io n s .

b b . b cComplex Pes Ab I n i t i o  A SCF Assignment

Ni(CO) 4  8 .90 11.7 7 .0  t 2

9.77 13.5 7 .8  e

Co(CO),NO (  8 .7  6 .7  8 e(M-L)
8.90  >

12.9 6 .7  8 a i

9 .82  14.1 7 .8  7e

Fe(CO)2 (N0) 2  (  8 .7  7 .9  6 b 1 (M-L)
8.97

9.74

f 9 .1  8 .1  lOa^M -L)

f
8.56 12.6 7 .5  6 b2

15.1 9 .4  9at

16.0 9 .6  3a2

a  b e
Table tak en  from re fe re n c e  69. In  eV. A ssigned  to  m eta l d

o r b i t a l s  u n le ss  o th e rw ise  In d ic a te d ;  M-L -  m e ta l- l ig a n d  (NO) m ix in g .
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10a  d c o n f ig u ra tio n  In  a system  o f symmetry, and i s  in  q u a l i t a t iv e  

agreem ent w ith  ground s t a t e  ab i n i t i o  c a lc u la t io n s  which show th e  t 2  

o r b i t a l s  to  be o f h ig h e r  energy  th an  th e  e o r b i t a l s  (T able  13 ). 

However, th e  spectrum  o f Co(C0)^N0 a ls o  shows th e  same 3 :2  i n te n s i ty  

r a t i o ,  w hereas th e  ab i n i t i o  c a lc u la t io n s  p r e d ic t  a  2 : 1 : 2  r a t i o ,  

w here th e  o rd e r  o f  l e v e l s  i s  8 e >  8 a^ >  7 e , w ith  th e  8 a^ and 7e 

ly in g  c lo se  in  en erg y . These c a lc u la t io n s  a ls o  show th e  two 

h ig h e s t  occup ied  o r b i t a l s  ( 8 e) o f  th e  n l t r o s y l  complex c o n ta in  

c o n s id e ra b le  l ig a n d  (m ainly  NO) c h a r a c te r ,  fo llo w ed  by th e  th r e e  

o r b i t a l s  ( 8 a j  and 7e) o f m ain ly  m e ta l d c h a r a c te r .  In  o rd e r  to  t r y  

to  re s o lv e  th e  d isc rep a n c y  in  th e  Co(C0)^N0 sp ec tru m , d i r e c t  

c a lc u la t io n s  on th e  io n  s t a t e s  w ere perfo rm ed . The r e s u l t s  

in d ic a te  th e  ex trem ely  la rg e  r e la x a t io n  e n e rg ie s  a s s o c ia te d  w ith  

o r b i t a l s  o f m ain ly  m e ta l c h a r a c te r  (c a . 5 - 6  eV) r e l a t i v e  to  th e  

o th e r  o r b i t a l s  (c a . 1 - 2  eV ). The v a lu e s  in  T ab le  13 (ASCF) a re  

th e  im proved c a lc u la te d  I P 's  o b ta in ed  by ta k in g  th e  d if f e r e n c e  

betw een th e  m o lecu la r and io n ic  s t a t e  e le c t r o n i c  e n e rg ie s .  The 

g r e a te r  r e la x a t io n  e n e rg ie s  o f  th e  8 a^ , and 7e o r b i t a l s  in  C0(C0)^N0 

lo w ers  t h e i r  IP  and p la c e s  th e  8 a^ IP in  n e a r  co in c id en ce  w ith  th e  

8 e IP . T h is acco u n ts  f o r  th e  3 :2  i n t e n s i t y  r a t i o  i n  th e  spectrum . 

S im ila r  argum ents w ere made to  i n t e r p r e t  th e  pes o f  Fe(CCO^CNO)^ 

(T ab le  1 3 ). The A SCF c a lc u la t io n s  g iv e  e x c e l le n t  agreem ent w ith  

th e  observed  s p e c t r a  in  t h i s  re g io n . Thus, f o r  N i(CO)^, a lthough  

th e  ground s t a t e  c a lc u la t io n s  p re d ic te d  th e  o rd e r  o f  I P 's  found in  

th e  sp ec tru m , th e  r e l a t i v e  IP  v a lu e s  w ere d i f f e r e n t  th an  th e
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c a lc u la te d  r e l a t i v e  e n e r g ie s .  The A SCF c a lc u la t io n s  y ie ld  much 

b e t t e r  ag reem ent, w here th e  c a lc u la te d  re la x a t io n  e n e rg ie s  fo r  th e  

t 2  (74% m eta l c h a ra c te r )  and e  (90% m etal c h a ra c te r )  o r b i t a l s  a re  

4 .7  and 5 .7  eV, r e s p e c t iv e ly .

Thus, I t  seems th a t  on account o f th e  f a i l u r e  o f  Koopmans' 

Theorem, d e te rm in a tio n  o f  a b so lu te  m e ta l d o r b i t a l  e n e rg ie s  from 

t h e i r  IP  v a lu e s  i s  o f l i t t l e  u se  w ith o u t A  SCF c a lc u la t io n s .  

However, i f  system s a re  chosen such  th a t  a l l  members o f a s e r ie s  

a re  ex p ec ted  to  have th e  same b a s ic  o r b i t a l  co m p o sitio n s, th e  

e f f e c t s  o f Koopmans' Theorem d e v ia t io n s  sh o u ld , in  la rg e  p a r t ,  

be c a n c e lle d  o u t .  N ix o n ^  h as  used  th i s  id e a  to  compare th e  

bonding p ro p e r t ie s  o f CO and PF3  in  th e  co rresp o n d in g  Cr®, Fe®, and 

N l^ complexes (T able  1 4 ). I t  can b e  seen  th a t  th e  IP  tre n d s  o f th e  

CO and PF^ complexes p a r a l l e l  each  o th e r ,  w ith  th e  PF^ complexes 

hav ing  s l i g h t l y  l a r g e r  I P 's .  T h is may in d ic a te  th e  h ig h e r  p o s i t iv e  

charge  on th e  c e n t r a l  m e ta l atom due to  th e  s tro n g e r  e le c t ro n  

w ithdraw ing  p r o p e r t ie s  o f  PF^. The la r g e r  t 2  -  e  s p l i t t i n g  o f th e  

d o r b i t a l s  in  N i(PF^)^ th a n  i n  Ni(C0 ) 4  may a ls o  in d ic a te  a  s l i g h t l y  

b e t t e r  7f  a c c e p to r  a b i l i t y  f o r  th e  PF^ l ig a n d . M oreover, th e  

phosphorus " lo n e  p a i r "  ( 0”̂ )  I P 's  vary  in  th e  o rd e r C r(PF^)^ <  

Fe(PF 3 ) 5 4 ; Ni(PF3) 4 <  Rh(PF3 ) 4 H ^ P d ( P F 3) 6 <  P t(PF 3) 4> T his may

in d ic a te  th a t  <T -d o n a tio n  in c re a s e s  on go ing  from Cr to  P t in  t h i s
71 72 72s e r i e s .  '  L loyd and cow orkers have in te r p r e te d  th e  pes of th e

s e r i e s  M(PF,) , where M ■ N i, Pd , P t ,  in  term s o f th e  P t  complex 
J 4

hav ing  b o th  th e  s t r o n g e s t  <T-bonding and th e  s t ro n g e s t  TT-bonding 

in te r a c t io n s  (T able  1 4 ).



T able  14: V e r t ic a l  Io n iz a t io n  P o te n t ia l s  (eV) o f  S e le c te d  C arbonyls and R e la ted  T r a n s i t io n  M etal

Complex
I P 1 I P 2

IP
3

Ni(CO) b 
4

8 .9 0 ( t 2) 9 .7 7 (e )

Co(CO)3 NOb 8 .9 0 (e , a j ) 9 .8 2 (e )

Fe(CO)2 (NO)2b 8.56<b2) 8 .9 7 (a 1# b x) 9 .7 4 (a l t  a2)

Cr(CO)6c 8 .4 0 ( t2g)

9 .0  ( t 2g> 12.7 ( r ^ )

Fe(CO)5e 8 .6 0 (e ) 9 .8 6 (e )

Fe(PF3) 5d 8 .9  (e) 1 0 . 2  (e) 13.0  ( ( T ^ )

N i(PF3) Af 9 .6 9 ( t2) 1 0 .7 4 (e ) l3 .1 7 (jrML)

Pd(PF3) 4f 9 .9  ( t 2) 1 2 . 2  (e)
1 3 - 7

P t(P F 3) 4f 9 .8 3 ( t2) 12 .45 (e) 14.54(^-b l )

Bh(PF ) Hd 
3 4

9 .7  (e) 1 1 . 8  (e) 13.7

Mn(C05 )H8 8 .8 5 (e ) 9 .1 4 (b 2)
1 0 - 5 5 < r HL)

Mn(CO)5 CH3 8 8 .6 5 (e ) 9 .1 2 (b 2)
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Complex IP
1

IP
2

Re(CO)5B ri 8 .8 3 ) ( e . )  
9 .0 6 ) **

9 .9 4 (b 2)

Re(CO)^I^ 8 .3 6 ) (eL) 
8 .78 )

9 .7 1 (b 2)

Re(C0)5Ĥ 8 .8 9 ) (e) 
9 .15 )

9 .5 1 (b 2)

Re(C0)5CH3;i 8 .7 1 ) (e ) 
8 .93 )

9 .5 1 (b 2 ,

Cr(C0)6C 00 . o /“N rt to 00

Mo(CO) C 
6

8 .5 0 ( t2g)

W(C0)6C 8 .5 6 ( t2e) 
8 .3 0 sh  B 1

Cr(C0)5NH3k 7 .5 6 (e ) 7 .85 (b2)

Cr(C0)5NMe3k 7 .4 5 (e ) 7 .7 6 (b 2)

Cr(CO)5PH3k 7 .90  sh  (e) 8 .0 3 (b2)

Cr(CO)5PMe3k 7.58  sh  (e) 7 .7 2 (b 2)

Cr(CO)5CNMek 7.61  sh  (e) 7 .7 7 (b2)

V(G0)5NH3k 7 .7 5 (e ) 
7 .54  sh 1

8 .0 6 (b2)

IP4

1 0 .5 2 (e ) lO.gOCCT^)

1 0 .0 2 (e ) 10.44 ( ( T ^ )

1 ° .4 7 ((TMl )

10.57((T m l) 

11 .43((T Ml )  

1 0 . 0 0  ( ( T ^ )

ONUi



Complex

W(CO)5NHMe2k

W(CO) NMe k  
5 3

aA ssignm ents a re  i n  p a re n th e se s  a d ja c e n t to  IP v a lu e ; assignm ents a re  m eta l d o r b i t a l s  u n le s s  

o th e rw ise  in d ic a te d :  0” ^  * m e ta l -  l ig a n d  (non -  CO) <T o r b i t a l ;  = e  o r b i t a l s  o f  h a l id e s

R eference  69 . R e f e r e n c e  82. R eference 70. eR eference 97 . R eference 72, R eference  73.
U 4 ^

R eference 74 . Shou lder due to  s p in - o r b i t  s p l i t t i n g .  J R eference  75. R eference 83.

IP. IP, IP

7 .6 2 (e )  
7 .41  sh 1

7 .95  (b2) 11.14(CTml)

7 .6 2 (e ) 
7 .41  sh 1

7.96 (b2) i°.75(<rML)
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73 74
C radock, e t .  a l .  * have I n te r p r e te d  th e  pes o f  th e  s e r i e s

Mn(CO)5L (L -  SiH3 , GeH3 , SiMe3 , S iF 3) and Re(CO)5L (L -  SiH3 , GeH^)

in  term s o f th e  ab sense  o f  ( d — > d) 7T -b o n d in g . B oth th e  e  and b£

le v e l s  o f th e  above complexes a re  s t a b i l i z e d  from th e  le v e l s  in  the

h y d rid e  and m ethyl complexes (Table 14) and th ey  su g g e s t th a t  only

(T-bond ing  i s  in v o lv e d , s in c e  ( d — >■ d) Tf -bond ing  sh o u ld  s t a b i l i z e

on ly  th e  e  o r b i t a l s .  S im ila r  c o n c lu s io n s , i . e . ,  no 7 f -b o n d in g , were
73

drawn from th e  pes o f  Co(NO)^L (L * H, SiH3 , GeU^),

There appears to  be somewhat o f  a  t r a n s - A t la n t i c  c o n tro v e rsy

betw een H i l l i e r ' s  group in  England and F e n sk e 's  group in  th e  U nited

S ta te s  o v er th e  assignm ents  o f th e  low IP re g io n  o f  th e  pes o f
6 7 ,75 ,76  *

Mn(CO)^L, w here L ■ CF^, C l ,  Br, 1 . Both g roups have agreed

on th e  assignm ents o f  th e  p e s  of Mn(CO)^H and Mn(CO)^CH^. The 

o rd e r in g  o f I P 's  h a s  been found to  b e  e <  b 2  <  a^ w here th e  e  and b 2

o r b i t a l s  a re  th e  m e ta l d o r b i t a l s  and th e  a^ i s  th e  <T^  o r b i t a l .
76

Fenske and H a ll o r ig i n a l ly  a ss ig n ed  th e  p e s  o f Mn(CO)3 CF3  a s

e £ * a ^ <  on th e  b a s is  o f  approxim ate m o lecu la r o r b i t a l  c a lc u la t io n s .

However, t h i s  assignm ent was made on a spectrum  w hich was v e ry  p o o rly

re s o lv e d . I t  e x h ib ite d  an io n iz a t io n  band w ith  a sh o u ld e r  c e n te re d

a t  9 .2  eV and a h ig h e r  band cen te red  a t  10 .3  eV. L loyd and 
75cow orkers p o in te d  ou t t h a t  F en sk e 's  assignm ents would mean a  

s p l i t t i n g  o f  a t  l e a s t  1 eV fo r  th e  m etal d o r b i t a l s ,  s u b s ta n t i a l ly  

h ig h e r  th an  f o r  any o th e r  Mn(C0)^L sp e c ie s  (T able  1 4 ) ,  as w e l l  as 

an a lm ost c o n s ta n t IP  fo r  th e  o r b i t a l  in  th e  m ethy l and 

p e rflu o ro m eth y l d e r iv a t iv e s .  In  l i g h t  o f th e s e  s u g g e s t io n s , and th e  

subsequen t a v a i l a b i l i t y  o f  th e  d a ta  in  T ab le  14 (a s  w e ll  as  a  more
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c le a r ly  re so lv e d  spectrum  ) i t  appears  th a t  Fenske has re v is e d

h i s  o r ig in a l  assignm ents to  e <  , to  ag ree  more c lo s e ly  w ith
67

expec ted  t r e n d s .  F u r th e r  ev idence fo r  th e se  o r b i t a l  assignm ents
75 77

comes from th e  co rresp o n d in g  s p e c t r a  o f  th e  Re a n a lo g s , * w here

io n iz a t io n  from th e  m eta l e o r b i t a l s  i s  accompanied by a low IP

sh o u ld e r due to  s p in - o r b l t  s p l i t t i n g .  T his s p l i t t i n g  (c a . 0 .3  eV)
75 77a id s  in  pes ass ig n m en ts . Lloyd and H a ll found th a t  fo r  Re(C0)^H

and Re(CO)^CH^t th e  f i r s t  band i s  s p l i t  by about 0 .3  eVt th u s

y ie ld in g  good ev id en ce  th a t  t h i s  io n iz a t io n  a r i s e s  from th e  m e ta l

e  o r b i t a l s  (T able  1 4 ).

The d isc rep an cy  betw een th e  assignm ents o f th e  Mn(CO) ,-L

(L ■ C l, B r, I )  may n o t be so easy  to  r e s o lv e , however. Fenske and 
67 78cow orkers * have a ss ig n ed  th e  o rd e r  o f  I P 's  in  th e se  com plexes to

be e(L ) <  a , ( <H_ ) <  e (M )<  b (M) on th e  b a s is  o f approxim ate m o lecu la r 
1  ML 2

79o r b i t a l  c a lc u la t io n s  and in te n s i ty  c o n s id e ra t io n s . Lloyd and

75coworkers have concluded th a t  th e  o rd e r o f I P 's  i s  n o t c o n s ta n t

f o r  th e se  com plexes. A lthough th ey  f in d  th a t  th e  second and fo u r th

io n iz a t io n s  a re  c o n s is te n t ly  due to  th e  b 2  and a^ o r b i t a l s ,

r e s p e c t iv e ly ,  th e  o v e r a l l  o rd e r  fo r  Mn(CO)^I i s  e ( L ) <  b 2 (M) <  e(M) <

a . ( (Tu*) ,  w hereas th e  f i r s t  and th i r d  io n iz a t io n s  a re  in te rc h an g e d  in  
1  ML

Mn(CO)^Br and Mn(CO)^Cl. These assignm ents were made p r im a r i ly

w ith  th e  use  o f s p e c tr a  o b ta in ed  from He I I  (40 .82  eV) e x c i t a t io n .
80 81I t  has been  shown 1 t h a t  io n iz a t io n  bands a r i s in g  from o r b i t a l s  

w ith  s tro n g  h a lo g en  p c h a ra c te r  d ecrease  s ig n i f i c a n t ly  in  i n t e n s i t y  

compared to  th e  co rrespond ing  bands in  th e  He I  s p e c t r a ,  w hereas 

in t e n s i t y  changes in  bands due to  m eta l d le v e ls  a re  much s m a l le r ,
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and sometimes in  th e  re v e rs e  d i r e c t io n .  Lloyd found IP 2  a c tu a l ly

in c re a se d  in  i n t e n s i ty  in  th e  He I I  spectrum  le a d in g  to  th e  e(M)

assignm en t; IP^ decreased  i n  i n t e n s i t y  f o r  th e  th r e e  complexes

under He I I  e x c i t a t io n ,  r e s u l t in g  in  th e  a^ a ss ig n m en t. IP^

d ecreased  in  i n t e n s i ty  fo r  th e  io d id e  com plex, w hereas IP^ showed

t h i s  b eh av io r in  th e  brom ide and c h lo r id e  com plexes, r e s u l t in g  in

th e  d i f f e r e n t  o v e ra l l  a ss ig n m en ts . The b e h av io r o f th e  analogous

Re complexes fo llo w s th a t  o f th e  Mn com plexes, ex cep t fo r  Re(CO)^Br

which i s  a ss ig n ed  th e  same sequence as  th e  io d id e  com plexes. These
77r e s u l t s  seem to  be in  agreem ent w ith  th e  work o f  H a ll who

a r r iv e d  a t  s im ila r  co n clu sio n s  a s in g  s p in - o r b i t  s p l i t t i n g  p a ra m e te rs .

The q u e s tio n  o f assignm ents o f th e  Group VII B p e n tac a rb o n y ls  has

overshadowed any s u b s ta n t ia l  s tu d y  o f chem ical bonding  in  th e s e

system s. T able 15 summarizes m ost o f  th e  a v a i la b le  d a ta  on th e

m eta l d l e v e l s  f o r  th e  Mn(CO)^L d e r iv a t iv e s .  I t  can be  seen  th a t

th e  e  and b 2  I P 's  a re  a rea so n ab ly  w e ll behaved fu n c tio n  o f th e

e le c t r o n e g a t iv i ty  o f  L (w ith  an a p p a ren t in c re a s e  in  e le c t r o n e g a t iv i ty
73 74o f GeH^, SiH^, and SlM e^). '  The s e p a ra t io n  o f th e  two m e ta l

le v e l s  (A ) seems to  r e f l e c t  th e  deg ree  o f  m ixing  w ith  th e  e l e v e l s  

o f  L . Thus L ■ H y ie ld s  th e  s m a lle s t  A  (0 .29  eV ), w hereas th e  

h a l id e s  e x h ib i t  th e  l a r g e s t  A  (c a . 0 .6 5  eV ). These f ig u r e s  appear 

to  su p p o rt C r a d o c k 's ^ * ^  su g g e s tio n  o f  no s ig n i f i c a n t  ( d —>  d) TT- 

bonding between Mn and S i o r  Ge.

Unambiguous assignm ents have been  made f o r  th e  p es  o f  th e  

hexacarbony ls  o f  C r, Mo, and W. The s p e c t r a  show io n iz a t io n  bands 

around 8 .5  eV (T able  14) and no o th e r  io n iz a t io n  u n t i l  above 13 eV.
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a
Table 15: V e r t ic a l  Io n iz a t io n  P o te n t ia l s  (eV) o f Mn(C0)^L.

L e 4 < b 2  -

H 8.85 9 .14 0.29

c f 3 9.17 9.51 0.34

ch 3 8.65 9 .12 0.47

Cl 8.87 9 .5 0 .63

Br 8 .83
„ b

9 .5 0.67

I “* 9.65 —

s ih 3 8.99 9 .38 0.39

GeH3 8.90 9 .26 0 .36

SiMe3 9 .0
b

9 .3 0 .30

SiF 3 - 9 .8

Q
Taken i n  p a r t  from re fe re n c e  7 5 . ^2 * e  n o t re s o ^ve< *̂
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82Lloyd and cow orkers have a ss ig n e d  th e  f i r s t  I o n iz a t io n  band to  the

t 2 g l e v e l  (d^ c o n f ig u ra tio n )  o f  th e  m e ta l a tom s. T h is band e x h ib i ts

s p i n - o r b i t  s p l i t t i n g  (c a . 0 .2 5  eV) in  th e  case  o f  th e  tu n g s te n

d e r iv a t iv e .  One tre n d  th a t  can be observed  in  th e  s p e c t r a  i s  th e

in c re a s e  in  i n t e n s i t y  o f  IP^ as th e  c e n t r a l  m e ta l atom g e ts  l a r g e r .
72

T h is  "heavy atom e f f e c t "  h as  been observed  b e f o r e ,  b u t th e  o r ig in

o f  such  an e f f e c t  s t i l l  ap p ea rs  to  be a  m y ste ry .

83Lloyd and H i l l i e r  a ls o  in v e s t ig a te d  th e  pes o f  th e  mono­

s u b s t i t u t e d  d e r iv a t iv e s  o f  Cr(C0)g and W(C0)g w ith  s u b s t i tu e n ts  

NH^, NMe^, PH3 1  PMe-j, CNMe, and NHMe2  (T ab le  1 4 ). They observed  

a  d e s t a b i l i z a t i o n  o f  th e  m e ta l d o r b i t a l s  as w e l l  as a s p l i t t i n g  o f 

th e  d l e v e l s  i n to  th e  ex p ec ted  e  and b 2  com ponents. The m agnitude 

o f th e  s p l i t t i n g  o f  th e  Cr d o r b i t a l s  v a r ie d  w ith  th e  donor atom; 

c a . 0 .3 0  eV f o r  l ig a n d s  w ith  th e  n i t ro g e n  d o n o r, and ca . 0 .1 5  eV fo r  

l ig a n d s  w ith  th e  phosphorus donor. I n te n s i ty  c o n s id e ra t io n s  show 

th e  e le v e l  to  have a  low er IP th a n  th e  b 2  l e v e l ,  w hereas ab i n i t i o  

c a lc u la t io n s  re v e rs e  t h i s  o rd e r  in  th e  ground s t a t e .  However, th e  

c a lc u la t io n s  show th e  e  o r b i t a l s  to  have g r e a te r  m eta l c h a ra c te r  

th a n  th e  b£ o r b i t a l ,  i . e . ,  l a r g e r  r e la x a t io n  e n e rg y . T hus, th e  

p es  o b s e rv a tio n s  can be r a t io n a l iz e d  in  term s o f  th e  in a c c u ra c ie s  

in  Koopmans' Theorem, A lthough th e  s p l i t t i n g  cou ld  be e x p la in ed  in  

term s o f  <T -d o n a tio n  and Tf - a c c e p ta n c e , th e  f a i l u r e  o f  Koopmans1 

Theorem p r o h ib i t s  such a  d is c u s s io n  in  s i t u a t io n s  w ith  such sm all 

d i f f e r e n c e s .  There i s  a ls o  o b serv ed , in  m ost o f  th e  s p e c t r a ,  a 

c l e a r ly  re so lv e d  io n iz a t io n  due to  th e  a^ ( 0 ^ )  o r b i t a l .  In  th e
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case  o f  th e  PMe^ and NMe  ̂ d e r iv a t iv e s ,  th e  I P 's  o f  th e  donor " lo n e  

p a i r "  o r b i t a l s  a re  s t a b i l i z e d  by 1*37 eV and 2 .0 8  eV, r e s p e c t iv e ly ,  

from th e  uncomplexed l ig a n d . T h is  app ears  to  in d ic a te  t h a t  th e  

amine i s  more t i g h t l y  bound to  th e  C r , .c o n s i s te n t  w ith  th e  

c a lc u la t io n s  .on th e  PH^ and NH  ̂ com plexes.

R e su lts  and D iscu ss io n

In  o rd e r  to  de te rm in e  i f  s u b s t i tu e n t  e f f e c t s  cou ld  be observed 

in  th e  pes o f  t r a n s i t i o n  m eta l com plexes, we in v e s t ig a te d  some 

m o n o su b stitu ted  d e r iv a t iv e s  o f  Cr(C0)g and Mo(C0)g (T able  1 6 ). From 

th e  above d is c u s s io n , assignm ents sh o u ld  be co m p ara tiv e ly  sim p le  to  

make, s in c e  th e  s p e c t r a  ought to  y ie ld  c l e a r ly  re so lv e d  m eta l d 

o r b i t a l  io n iz a t io n  bands as w e ll  a s  (h o p e fu lly )  re so lv e d  0 "^  

io n iz a t io n  b a n d s. The complexes in v e s t ig a te d  a re  l i s t e d  in  T able 16, 

w ith  t h e i r  co rre sp o n d in g  I P 's  and a ss ig n m en ts . In  a d d i t io n ,  th e  

" lo n e  p a i r "  o r b i t a l  I P 's  a re  l i s t e d  f o r  th e  uncomplexed lig a n d s  

( I P ^ ) .  A ll th e  compounds l i s t e d  a re  rea so n ab ly  v o l a t i l e  and 

s u f f i c i e n t l y  s t a b l e  in  th e  gas phase (se e  ex p e rim en ta l s e c t io n )  fo r  

s tu d y  w ith  p e s .

IP^ i s  a ss ig n e d  to  th e  m e ta l d o r b i t a l s .  In  th e  reduced 

symmetry o f M(C0)5L (C^v ) , th e  m e ta l t 2g le v e l s  o f  M(C0) 6  would be 

ex p ec ted  to  s p l i t  in to  b 2  and e  com ponents, th e  l a t t e r  o f  which has 

th e  c o r r e c t  symmetry f o r  7T in te r a c t io n  w ith  th e  l ig a n d ,  L. A low 

IP s h o u ld e r  i s  observed  on th e s e  bands w ith  L -  PR3 , whereaB a 

c l e a r  s p l i t t i n g  o f t h i s  band i s  observed  f o r  L -  S(CH^ ) 2  and



T able  16: V e r t ic a l  I o n iz a t io n  P o te n t ia l s  (eV) o f M(CO)^L and L.

Complex IP l b IP 2 C ^ 3
d

IPL
e

A L

Cr(CO)5 P(C 2 H5 > 3 7 .55  (7 .40 ) 9 .67 11 .1 4 f
g f

8 .31 1.36

Cr(CO)5 P(CH«CH2 ) 3 7.66 (7 .5 6 ) 9 .60 10.31 , 10.80 8 .48 1 . 1 2

Cr(CO)5 P(CH3) 3h 7.72  (7 .58 ) 1 0 . 0 0 - 8 .63h 1.37

Cr(CO)5 S(C2 H5 ) 2 7 .4 5 , 7 .65 7.55 9.71
i

11.51 8.47 1.24

Cr(CO)5 S(CH»CH2 ) 2 7.65 7.65 9 .46 - 8 .42 1.04

Cr(C0)5 S(CH3 ) 2 7 .5 9 , 7 .79 7.69 1 0 . 0 0 1 2 .081 8 .70 1.30

Cr (CO) 5S (CH3) (CH2 C1) 7.86 7.86 10.27 - 9 .17 1 . 1 0

m o(co)5 p (c 2 h 5 ) 3 7 .75  (7 .60 ) 9 .63 l l . l l f 8.31 1.31

Mo(CO) P(CH“CH ) 7 .73  (7 .58 ) 9 .52 1 0 .288 , 10 .78f 8 .48 1.04

aA ssigned to  th e  m e ta l e  and b£ l e v e l s ;  numbers in  p a re n th e se s  a re  sh o u ld e rs  a ss ig n ed  to  th e  b£ l e v e l .  
^M idpoint o f  f i r s t  io n iz a t io n  band f o r  s u l f id e  d e r iv a t iv e s  (se e  t e x t ) .  cA ssigned to  th e  m e ta l- l ig a n d  <r 
bonding o r b i t a l .  IP  o f  lo n e  p a i r  in  uncomplexed l ig a n d . A L -  IP 2  -  IP ^ . ^Assigned to  th e  P-C <T 
bond. ^A ssigned to  th e  C-C TT bond. R eference  83 . A ssigned to  th e  S-C <r bond.
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The s p l i t t i n g  was n o t re so lv e d  f o r  L “  S(CH-CH2 > 2  and

S(CH^)(CH^Cl). The IP^ v a lu e s  f o r  M(CO)^L a re  c a . 1 eV low er th an

th e  co rresp o n d in g  IP in  M(CO)g. T h is o b se rv a tio n  i s  to  be e x p e c te d ,

and i s  caused by th e  in c re a s e d  < T -d o n atio n  o f  L r e l a t i v e  to  CO.

The shape o f  IP^ i n  th e  phosphine d e r iv a t iv e s  i s  v i r t u a l l y  i d e n t i c a l
83to  th e  shape o f IP} in  Cr(CO)^PH^. T hus, th e  peak  maximum i s

a ss ig n ed  to  th e  e  o r b i t a l s  and th e  low IP  sh o u ld e r to  th e  b 2  o r b i t a l
83o f th e  m e ta l. Note ag a in  t h a t  th e  c a lc u la t io n s  on Cr(CO)^PH^ 

p r e d ic t  th e  re v e rse  o rd e rin g  o f  th e  d o r b i t a l s ,  b u t th e  observed  

spectrum  i s  e a s i ly  r a t io n a l iz e d  in  term s o f  fc d e v ia t io n  from 

Koopmans* Theorem. Once a g a in ,  - th is  d e v ia t io n  p r o h ib i t s  co n c lu s io n s  

concern ing  th e  e f f e c t  o f  <T -d o n a tio n  and TT-a c c e p ta n c e  on th e  

r e l a t i v e  d o r b i t a l  e n e rg ie s .

The s p l i t t i n g  o f  th h  d o r b i t a l  band in  th e  S(CHj)^ and S(C2 H5 ) 2  

d e r iv a t iv e s  y ie ld s  maxima o f a lm ost e q u a l i n t e n s i t y .  M oreover, th e  

s p l i t t i n g  i s  u n reso lv ed  f o r  th e  S(CH»CH2 ) 2  and S(CH3 )(CH2 C1) 

compounds. T h e re fo re , no unambiguous assignm ents  o f  th e  b 2  and e 

l e v e l s  cou ld  be made. The m id p o in ts  o f  th e  f i r s t  io n iz a t io n  bands 

f o r  th e  s u l f id e  complexes a re  a ls o  reco rd ed  f o r  com parative  pu rposes 

in  T able 16.

IP^ i s  a ss ig n ed  to  th e  m e ta l- l ig a n d  <7~-bonding o r b i t a l .  The 

IP 2  v a lu es  r e p re s e n t  a s t a b i l i z a t i o n  o f  c a . 1 -  1 .4  eV f o r  th e  " lo n e

p a ir "  in  th e  uncomplexed l ig a n d  ( A L ) . The assignm ents o f  IP^ and

83IP^ a re  c o n s is te n t  w ith  th e  work o f  L loyd .

IP 3  i s  a ss ig n ed  to  th e  P-C o r  S-C (T -b o n d in g  o r b i t a l s  in  th e  

lig a n d s  PR^ and SR2 , in  accordance  w ith  assignm en ts  made f o r  th e
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12 86 85f r e e  l ig a n d s .  * '  The P(CH»CH9)„  complex shows an a d d i t io n a l
* 3

band in  t h i s  r e g io n , which may be a ss ig n e d  to  th e  C-C 7 f  o r b i t a l s

o f th e  v in y l  g ro u p s .

The t r e n d s  in  th e  b e h av io r o f  th e  f i r s t  two I P 's  i n  th e  s p e c t r a

o f  th e  M(CO)^L d e r iv a t iv e s  appear to  be a  combined fu n c tio n  o f  th e

donor a b i l i t y  o f th e  R groups in  PR^ and SR2 , as  w e ll as th e  C-P-C

and C-S-C bond a n g le s . As th e  donor a b i l i t y  o f  L in c r e a s e s ,  th e

e le c t r o n  d e n s i ty  around th e  c e n t r a l  m e ta l atom (M) in c re a s e s .  T h is

le a d s  to  a d e s t a b i l i z a t i o n  o f  th e  m eta l d l e v e l s ,  i . e . ,  low er IP .

However, th e  donor a b i l i t y  o f  the  l ig a n d  i s  n o t on ly  a fu n c tio n  o f

th e  donor a b i l i t y  o f  R, b u t a lso  o f  th e  bond a n g le  about th e  donor

atom . As th e  C-P-C (o r  C-S-C) bond an g le  d e c re a s e s , th e  " lo n e  p a i r "

o r b i t a l  on P (o r  S) in c re a s e s  in  s  c h a r a c te r ,  le a d in g  to  a  more

t i g h t l y  h e ld  p a i r  o f  e le c t r o n s .  T h is  e f f e c t  would obv iously

d e c rea se  th e  e n t i r e  donor n a tu re  o f  th e  l ig a n d , L,

For th e  Cr com plexes, th e  d o r b i t a l  io n iz a t io n s  ( IP j)  appear

to  be  a re a so n a b ly  w e ll-b eh av ed  fu n c tio n  o f th e  donor n a tu re  o f  th e

groups a t ta c h e d  to  th e  s u l f u r  o r p h osphorus, e x cep t f o r  th e  m ethyl

g ro u p . The m ethy l group in  both  th e  s u l f id e  and phosphine complexes

g iv e s  r i s e  t o  I P [ 's  which appear to  be to o  h ig h  on th e  b a s is  o f i t s

donor n a tu re  a lo n e . M oreover, th e  tre n d s  in  th e  d o r b i t a l  I P 's ,

upon v a r i a t i o n  o f th e  s u b s t i tu e n t  on e i t h e r  s u l f u r  o r  phosphorus,

p a r a l l e l  e ac h  o th e r  a lm ost e x a c tly  (T able 1 6 ). I t  i s  su g g ested

th a t  th e  a p p a re n tly  low ered e le c t ro n  d o n a tin g  n a tu re  o f  th e  m ethyl

lig a n d s  i s  a  consequence o f  th e  low er C-P-C and C-S-C a n g le s .
o

These a n g les  a re  known f o r  th e  uncomplexed l ig a n d s :  99 f o r  bo th
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85 a
S(CH^ > 2  and P C C ^ ^ ,  U n fo r tu n a te ly , th e  co rresp o n d in g  a n g le s  In  

th e  e th y l  and v in y l  m olecu les a re  n o t known, b u t th e s e  l a t t e r  v a lu es  

sh o u ld  be l a r g e r  due to  s t e r l c  f a c to r s .  The im portance  o f th e  C-P-C 

bond an g le  i s  e v id e n t by comparing th e  lone  p a i r  I P 's  o f th e  

uncomplexed l ig a n d s  P(CH3 ) 3  and P(CH«CH2 ) 3  (IP ^ i T ab le  16 ). Though 

th e  m ethyl i s  a  b e t t e r  donor th an  th e  v in y l ,  t h i s  f a c t  i s  a p p a re n tly  

more th an  com pensated f o r  in  th e  sm a lle r  bond a n g le . Thus, i f  th e s e  

an g le  d i f f e r e n c e s  p e r s i s t  upon com plexation , th e  t r e n d  in  d o r b i t a l  I P 's  

i s  r e a d i ly  e x p la in ed  by th e  amount o f charge t r a n s f e r  betw een th e  

l ig a n d  and th e  m e ta l ,  b e in g  in  th e  o rd e r  P(CH3 > ^ <  P(CH-CH2 > 3  <

p (c 2 h5) 3 .

The s t a b i l i z a t i o n s  o f  th e  donor " lo n e  p a ir "  o r b i t a l s ,  A L , in  

b o th  th e  m ethyl and e th y l  d e r iv a t iv e s  o f th e  complexes a re  o f  

com parable v a lu e . T his may in d ic a te  th a t  th e  C-P-C (o r  C-S-C) an g le  

in  th e  m ethy l d e r iv a t iv e s  opens to  a  somewhat g r e a te r  e x te n t  th an  th e  

co rre sp o n d in g  a n g le  in  th e  e th y l  compounds. T his would c o u n te ra c t 

th e  in h e re n t  p o o re r donor a b i l i t y  o f  th e  m ethyl group r e l a t i v e  to  

th e  e th y l .  The low er A  L v a lu e s  f o r  th e  P(CH«CH2 ) 3  and S(CH3 ) (CH2 C1) 

d e r iv a t iv e s  i s  a  consequence o f  t h e i r  in h e re n tly  g r e a te r  w ithdraw ing  

a b i l i t i e s ,  th u s  in h ib i t i n g  th e  t r a n s f e r  o f charge from  th e  l ig a n d  

to  th e  m e ta l.
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Experimental Discussion

A STUDY OF THE VARIOUS REACTION PATHWAYS TO MONOSUBSTITUTED 

DERIVATIVES OF THE GROUP VI B HEXACARBONYLS

Of th e  v a rio u s  pathways a v a i la b le  to  M(CO)^L, w here H ■ Cr o r  Mo

and L -  s u b s t i tu te d  phosphine o r  s u l f i d e ,  th e  f i r s t  a ttem p ted
8 6  87p re p a ra t io n  was by th e  d i r e c t  r e a c t io n  * o f  th e  hex acarb o n y l w ith

86L. T his r e a c t io n  had been re p o rte d  by B igorgne and P o ilb la n c  to  

y ie ld  m ostly  th e  m o n o su b stitu ted  d e r iv a t iv e  o f Mo(CO)g w ith  P(C2 H^)^» 

However, i n  our hands t h i s  s y n th e s is  le d  m ain ly  to  th e  d i s u b s t i tu t e d  

p ro d u c t.

A nother a ttem p ted  s y n th e t ic  ro u te  was v ia  a  photochem ical

r e a c t io n ,  u s in g  u l t r a v i o l e t  r a d ia t io n  o f  v a r io u s  w aveleng th  ra n g e s .

Two methods were t r i e d  by t h i s  r o u te .  The f i r s t  was th e  i r r a d i a t i o n

o f a  s o lu t io n  o f Cr(CO)g in  THF to  form th e  CrCCO^'THF com plex,

fo llow ed by th e  a d d it io n  o f  ŵ i c ^ d is p la c e s  th e  THF to
88form Cr(C0)5 P(C H ) • . The second ro u te  a ttem p ted  was th e

i r r a d i a t i o n  o f a s o lu t io n  o f Cr(CO)g and P (C^H^) ̂  in  CH^Cl^ to
QQ

form th e  m o n o su b stitu ted  complex d i r e c t l y .  The f i r s t  ro u te  le d

to  la rg e  amounts o f  d i s u b s t i t u t i o n ,  w h ile  th e  second ro u te  le d  to

m o n o su b stitu ted  p ro d u c t in  y ie ld s  to o  sm a ll to  be o f  u se .

These f a i l u r e s  le d  us to  c o n s id e r  an o th e r ro u te  to  th e
90s y n th e s is  o f  M(C0)^L. R ec e n tly , Connor and cow orkers re p o r te d  

th e  s y n th e s is  o f M(C0) L , (M -  C r, Mo, W and L ■ any co n v en tio n a l 

donor such  as phosphine o r  s u l f id e )  from th e  h a lo p e n ta c a rb o n y l-
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m e ta l la te  s a l t ,  R4 N+ [m(CO>5 x ] “  (R -  Me o r  E t ;  M -  C r, Mo, W;

X ■ C l, B r, I ) .  The s a l t  I s  p re p a re d  from th e  co rresp o n d in g  M(CO)g

+ -  91and R^N X acco rd in g  t o  th e  d isp lacem en t r e a c t io n :

m(co ) 6  + r 4 n+x~— >  r 4 n+ [m (co)5 x ]“  +  COT .

The s a l t  and l ig a n d , L , a re  re a c te d  to g e th e r  in  th e  p re sen ce  o f  a 

Lewis a c id  ( e . g . ,  Et^O^BF^ ) t o  g iv e  th e  m o n o su b stitu ted  p ro d u c t:

r 4 N+ [m(co ) 5 x] +  L +  E t 3 0+BF4   >M(CO)5L +  RAN+BF4“  + E t20 +  EtX.

One o f th e  b a s ic  problem s in  t h i s  s y n th e s is  i s  th e  i n a b i l i t y  to

s a t i s f a c t o r i l y  d e te rm in e  th e  p u r i t y  o f  th e  h a lo p e n ta c a rb o n y lm e ta l la te
91

s a l t .  Abel and cow orkers r e p o r t  th e  s a l t s  to  be s l i g h t l y  a i r  and 

l i g h t  s e n s i t i v e .  They found s o lu t io n  IR to  g iv e  in c o n s i s te n t  

s p e c t r a  due to  slow  d eco m p o sitio n , and t h e i r  IR s p e c t r a  were 

th e re fo re  o b ta in e d  from  KBr d i s c s .  However, th e s e  s p e c t r a  g iv e  

only  ve ry  b road  p e a k s . The s a l t  does n o t m e lt ,  b u t decomposes 

over a  w ide range ( e . g . ,  134-143°C f o r  E t4 N+ (Mo(CO)3Brj ) .

E lem ental a n a ly s is  gave somewhat u n s a t i s f a c to r y  r e s u l t s  f o r  one 

sam ple o f  E tAN+ [cr(CO>5 B^]"  (c a lc d :  C -  38.82%, H -  5.02%;

Found: C * 40*14%, H -  4.74% ). T here  a re  a ls o  p ro c e d u ra l

d i f f i c u l t i e s .  S ince  th e  s a l t s  a re  a i r  and l i g h t  s e n s i t iv e  

( p a r t i c u la r ly  when w et o r  in  s o l u t i o n ) , th e  s y n th e s is  and 

p u r i f i c a t i o n  sjbeps m ust be perform ed  under th e  d a rk e s t  p o s s ib le  

c o n d itio n s  in  an i n e r t  a tm osphere . When d ry , th e  s a l t s  can be 

handled  in  th e  a tm osphere  f o r  s h o r t  p e r io d s  o f  time* The 

h a lo p e n ta c a rb o n y lm e ta l la te  s a l t s  u sed  w ere E tAN+ jM(C0 ) 3 x] , 

where M -  Cr o r  Mo and X ■ Cl o r  B r,
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In  th e  p re p a ra t io n  o f M(CO)_L from Et.N+ [M(CO)_x] , i f  E t 0+BF
5 4 95 3 4

i s  u sed  as th e  a c id ,  i t  sh o u ld  be f r e s h ly  p repared , and s to re d  

u n d er dry  E t2 0 . We o r ig in a l ly  used  a  comm ercial sample o f 

Et^O^BF^ i n  CH^Cl^ s o lu t io n ;  t h i s  i s  b e lie v e d  to  have caused 

much o f o u r i n i t i a l  d i f f i c u l t i e s  in  t h i s  s y n th e s is .

A ll o f  th e  phosphine d e r iv a t iv e s  w ere p u r i f i e d  by vacuum 

su b lim a tio n  (60 -  70°C) on to  a  co ld  f in g e r ,  c h i l l e d  w ith  d ry  

ic e - a c e to n e .  The su b lim a tio n  was done as q u ic k ly  as p o s s ib le  

b ecause  th e  com plexes decompose i f  l e f t  a t  e le v a te d  te m p e ra tu re s  

f o r  lo n g  p e r io d s  o f  tim e . A second su b lim a tio n  was sometimes 

n e c e ssa ry  to  m inim ize th e  amount o f d is u b s t i tu te d  p ro d u c t. The 

Mo (CO) jP  (£ 2 ^ 5 ) 3  was found to  be th e  on ly  phosphine complex p rep a red  

w ith  no t r a c e  o f  Im p u r it ie s  ( e i t h e r  from d is u b s t i tu t io n  o r  excess 

h e x a c a rb o n y l)• The o th e r  phosphine complexes had t r a c e s  o f  th e  

d i s u b s t i tu te d  p ro d u c t.

No molybdenum d e r iv a t iv e s  w ith  s u l f id e  lig a n d s  cou ld  be 

i s o l a t e d  b ecause  o f  t h e i r  h ig h  i n s t a b i l i t y .  Though d i s u b s t i tu t io n  

was n o t found to  be  a  problem  in  th e  s y n th e s is  o f  th e  Cr s u l f id e  

d e r iv a t iv e ,  ex cess  hexacarbony l was a  problem . The Cr(C0 )jS(CH 3 ) 2  

and Cr(CO) ,-S (^ 2 ^ 5  ̂2  w ere p u r i f i e d  by vacuum su b lim a tio n  (c a . 30°C) 

on to  a  co ld  f in g e r .  These complexes w ere found to  be f r e e  o f 

I m p u r i t ie s .  However, b o th  Cr(CO)5 S(CH«CH2 ) 2  and Cr(CO)5 S(CH3 )(CH2 C1) 

w ere found to  c o n ta in  s ig n i f i c a n t  amounts o f  h ex acarb o n y l. Vacuum 

tre a tm e n t o f  Cr(CO)3 S(CH3 >(CH2 C1) a t  30°C /0.001 mm, m inim ized th e  

amount o f  h ex acarbony l p r e s e n t ,  b u t d id  n o t e lim in a te  i t .  S ince 

Cr(CO)3 S(CH<"CH2 ) 2  Cr(C0)g b o th  sub lim e a t  th e  same te m p e ra tu re ,
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t h i s  te ch n iq u e  could  n o t be used  f o r  th e  v in y l  compound. C ry s ta l­

l i z a t i o n  a ttem p ts  a ls o  proved f r u i t l e s s .  T hus, th e  p e s  o f  b o th  

o f th e s e  complexes have bands due to  Cr(CO)^.

The p u r i ty  o f a l l  o f  th e s e  complexes was de term ined  by IR and 

mass sp ec tro sco p y  as w e ll  a s  e lem en ta l a n a ly se s  o f  th e  complexes 

p rep a red  f o r  th e  f i r s t  tim e (T able  1 7 ) . The M(C0)^PR^ d e r iv a t iv e s  

gave r i s e  to  fo u r o b se rv ab le  bands in  th e  C O -stre tch in g  re g io n  of

th e  in f r a r e d  spectrum  (c a . 2065, 1945, 1935, and 1910 cm )•  The

93f i r s t  two bands have been a ss ig n e d  to  th e  two v ib r a t io n s  w h ile

th e  in te n s e  a b so rb tio n  a t  1945 cm""* was a ss ig n ed  to  th e  E mode. The

weak band c a . 1910 qm * i s  o f  unknown o r ig i n .  I t  does n o t appear

to  be due to  d i s u b s t i t u t i o n ,  s in c e  i t s  in t e n s i t y  r e l a t i v e  to  th e

E band o f  th e  m o n o su b stitu ted  s p e c ie s  rem ained c o n s ta n t whenever

bands due to  d i s u b s t i tu t io n  appeared  ( i . e . ,  bands below  1900 cm * ) .

The Cr (CO) ̂ .SR  ̂ d e r iv a t iv e s  gave r i s e  to  two o b se rv ab le  bands (c a .

2060 and 1940 cm” * ) . The fo rm er i s  due to  th e  A ^(l) mode, w h ile

th e  l a t t e r  i s  due to  th e  u n re so lv ed  com bination  o f  th e  E and

A^(2) modes. An e x t r a  peak a t  1980 cm” * in  th e  S(CH-CH ) and
93

S(CH^)(CH^Cl) d e r iv a t iv e s  in d ic a te d  th e  p re sen ce  o f  C r(C 0)g,

Mass p p e c tra  were a ls o  very  in d ic a t iv e  o f  th e  p u r i t y  o f  th e  m e ta l 

c a rb o n y ls . These s p e c t r a  a re  dom inated by g ro up ings o f  peaks 28 

mass u n i t s  a p a r t ,  co rresp o n d in g  to  lo s s  o f  s u c c e ss iv e  CO 's. Peaks
•|a

above th e  m o lecu lar io n ,  M(CO)^L , cou ld  r e a d i ly  be a ss ig n e d  to
•i.

M(C0),L on th e  b a s is  o f  t h e i r  mass num bers. The p re sen ce  o f 
^ JL

M(C0)g cou ld  e a s i ly  be d e te c te d  from th e  p re sen ce  o f  th e  M(C0)g+ io n .



T able  17: A n a ly t ic a l  D ata on M(CO)^L.

Compound M .P. (°C) C alcd .

JJ

Found C alcd . Fount

m o(co)5 p ( c 2 h 5 ) 3 o i l 37.31 37 .29 4 .27 4 .23

m o(co)5 p (ch«ch 2 ) 3 o i l 37 .95 38 .39 2.61 2 .93

Cr(CO)5 P(C 2 H5 ) 3 25 -  29 42 .58 42 .77 4 .8 8 5.15

Cr(CO)5 P(CH«CH2 ) 3 o i l 43 .43 43 .40 2.99 2 .78

Cr(CO)5 S(CH3) 2a 11 -  14

Cr(CO)5 S(C2 H5 ) 2b o i l

Cr(CO)5 S(CH3 )(CH2 Cl) o i l 29 .13 29 .43 1 .75 1.80

&M.p. o f  9° re p o r te d  in  r e fe re n c e  98. R eference 99.



Experimental

Chromium hexacarbony l and molybdenum hexacarbony l were purchased

from th e  Strem  Chemical Company and used w ith o u t f u r th e r  p u r i f i c a t io n

Tetraethylammonium brom ide and tetraethylam m onium  c h lo r id e  w ere

purchased  from th e  A ld ric h  Chemical Company and d r ie d  ov er phosphorus

p en to x id e  b e fo re  u s e . T r ie th y lp h o sp h in e  was purchased  (A ld rich ) and

s to re d  under p r e p u r i f ie d  n i t r o g e n . T riv in y lp h o sp h in e  was p rep a red

from v in y l l i th iu m  and phosphorus t r i c h lo r id e  acco rd ing  to  th e  method
94

o f S e y fe r th  and W einer, and s to re d  under p re p u r if ie d  n i t r o g e n .

D im ethyl s u l f id e  and ch lo rom ethy l m ethyl s u l f iu e  were purchased

(A ld r ic h ) , aB w e ll as d ie th y l  s u l f id e  ( P f a l tz  and B au e r) , and used

w ith o u t f u r th e r  p u r i f i c a t i o n .  D iv in y l s u l f id e  was p rep a red  from

P t p ' -d ib ro m o d ie th y l s u lf id e *  acco rd in g  to  th e  method o f  Ruigh and 
95E rick so n . The fi '-d ib ro m o d ie th y l s u l f id e  was p rep a red  from

th io d ig ly c o l  and hydrogen brom ide acco rd in g  to  th e  method o f

Burroughs and R e i d .^  T riethy loxonium  b o ro f lu o ra te  was p rep a red  from
92

E t2 0 *BF2  and e p ic h lo ro h y d r in  acco rd in g  to  th e  method o f M eerwein, 

and s to re d  under d ry  e th e r .  E th e r  and te tra h y d ro fu ra n  were 

d i s t i l l e d  o v e r l i th iu m  aluminum h y d rid e  b e fo re  u se . D iglym e, 

m ethylene c h lo r id e ,  and ch loroform  w ere s to re d  over m o lecu la r 

s ie v e s .

*CAUTION: p  , ^ '-d ib ro m o d ie th y l  s u l f id e  i s  ex trem ely  i r r i t a t i n g
to  th e  s k in ,  cau sin g  se v e re  redden ing  and b l i s t e r i n g .
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A ll re a c t io n s  and subsequen t p u r i f i c a t i o n  s te p s  w ere perform ed 

in  an atm osphere o f  p r e p u r i f ie d  n i t r o g e n .  I n f r a r e d  (IR) s p e c t r a  

were reco rd ed  in  hexane s o lu t io n  (u n le s s  o th e rw ise  i n d ic a te d ) •

IR s p e c tr a  were m easured w ith  P erk in -E lm er 247 and Beckman 20A 

I n f r a r e d  S p ec tro p h o to m ete rs . Mass s p e c t r a  w ere m easured w ith  a 

V arian  CH-5 S in g le  Focus Mass S p ec tro m e te r. M eltin g  p o in ts  w ere 

m easured w ith  a Thomas Hoover C a p i l la ry  A p p ara tu s . E lem en ta l 

an a ly se s  were perform ed by G a lb ra ith  L a b o ra to r ie s ,  In c o rp o ra te d , 

K n o x v ille , Tennessee 37921, and Schwarzkopf M ic ro a n a ly tic a l  

L a b o ra to ry , W oodside, New York 11377.

A ttem pted S y n th es is  o f  Mo(CO)^P(C^H^)^ by th e  D ire c t R eac tio n  o f 

Mo(CO) 6  and P(C2 H5 ) 3 :

A re a c t io n  f la s k  was f i t t e d  w ith  a  r e f lu x  condenser and an 

o u t l e t  to  an o i l  b u b b le r  to  m o n ito r th e  e v o lu tio n  o f CO. Mo(CO)^ 

(2 .6 9 g , 0 . 0 1 0  mole) was d is so lv e d  in  50 ml o f  1 , 2 -d im ethoxyethane and 

h e a te d  to  90°C ( r e f lu x  te m p e ra tu re )  in  o rd e r  to  a ch ie v e  com plete 

s o lu t io n  o f  th e  s o l i d .  P ^^H ^) (0 .6 0 g , 0.0050 m ole) was added

q u ic k ly  to  t h i s  s t i r r e d  b lu e  s o lu t io n .  The s o lu t io n  was h ea ted  a t  

90°C, and CO evolved slow ly  as  th e  s o lu t io n  tu rn e d  from b lu e  to  

g re e n . A f te r  one h o u r , CO e v o lu tio n  c ea sed . The f l a s k  was allow ed 

to  s ta n d  a t  room tem p era tu re  f o r  3 .5  h o u rs . A g re e n  s o lu t io n  r e s u l t e d ,  

a long  w ith  a w h ite  s o l id  (ex cess  Mo(CO)g), and a sm a ll amount o f  b la c k  

m a te r ia l .  The s o lu t io n  was poured o f f  and th e  s o lv e n t  removed under 

vacuum to  g iv e  a m ix tu re  o f  a  g reen  p a s te  and w h ite  s o l i d .  The



green  p a s te  was d is s o lv e d  In  a  m inim al amount o f  p e n ta n e , w ithdraw n

from th e  w h ite  s o l i d ,  and co o led  to  “ 50°C. More w h ite  s o l id

p r e c ip i ta te d  from t h i s  s o lu t io n .  The s o lu t io n  was ag a in  s e p a ra te d

from th e  s o l id  and th e  s o lv e n t  removed under vacuum to  g iv e  th e

green  p a s te  once m ore. The IR  spectrum  (N ujo l) o f  th e  p a s te

in d ic a te d  a  m ix tu re  c o n ta in in g  la r g e ly  w ittl

some Mo(CO), and Mo(CO)_P(C.H ) p r e s e n t ,  o 5 * 5 3

A ttem pted Photochem ical S y n th e s is  o f  Cr(CO)^P(C^H^)^ ( I ) :

A ty p ic a l  s y n th e s is  i s  d e sc r ib e d  h e re .  Cr(CO)g (0 .6 8 g , 0.0031 

mole) was d is so lv e d  in  250 ml o f  THF. The s t i r r e d  s o lu t io n  was 

i r r a d ia t e d  fo r  8  h ou rs  w ith  a  Hanovia lamp No. 654A, A liq u o ts  

w ere removed a t  v a r io u s  i n t e r v a l s  and IR s p e c tr a  tak en  to  m on ito r 

th e  p ro g re ss  o f  th e  r e a c t io n .  A ye llow  s o lu t io n  was p roduced . 

A lthough th e  s p e c t r a  in d ic a te d  th e  r e a c t io n  to  have tak en  p la c e ,  

th e  p ro d u c t appeared  to  be th e  d i s u b s t i tu te d  compound, Cr(C0 )^(THF)2 * 

P ^ H ^ )  (0 .3 4 g , 0 .0029 m ole) in  5 ml o f  THF was added to  th e

above s o lu t io n  and s t i r r e d  f o r  2 h o u rs . A f te r  rem oval o f th e  

s o lv e n t ,  IR and mass s p e c t r a l  a n a ly se s  o f  th e  r e s id u a l  p ro d u c t 

in d ic a te d  the  predom inance o f  th e  d is u b s t i tu te d  compound.

A ttem pted Photochem ical S y n th e s is  o f  Cr(CO) ̂ .PCC^H^)^ ( I I ) :

Cr(CO), (1 .8 8 g , 0 .0084 m ole) and P(C_H ) (0 .4 5 g , 0 .0038  mole)
o * 5 3

were d is so lv e d  in  250 ml o f  CHCl^. The s o lu t io n  was i r r a d i a t e d  fo r  

1 .5  hours (Hanovia lamp No. 654A) to  g iv e  a  da rk  g reen  s o lu t io n .  The
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volume was reduced  to  25 ml under vacuum y ie ld in g  a  g reen  l iq u id  and 

some s o l i d .  A d d itio n  o f  hexane d is so lv e d  th e  g reen  l iq u id  which was 

s e p a ra te d  from th e  s o l id  by f i l t r a t i o n .  Removal o f  th e  so lv e n t under 

vacuum y ie ld e d  j u s t  enough o f a  ye llow  l iq u id  fo r  an IR spec trum . The 

IR in d ic a te d  th e  m o n o su b stitu ted  p ro d u c t.

A change o f  th e  s o lv e n t  from CHCl^ to  cyclohexane produced th e  

d i s u b s t i tu te d  p ro d u c t.

T y p ic a l S y n th e s is  o f  Et^N+ |k(CO)^x] :

T h is r e a c t io n  must be c a r r ie d  o u t under th e  d a rk e s t  p o s s ib le  

c o n d i t io n s . A m ix tu re  o f  5 .00g (0 .023 m ole) o f C r(C 0)g , 2 .45g 

(0 .012  m ole) o f Et^N+Br , and 100 ml o f  diglym e was p u t in to  a 

r e a c t io n  f l a s k  f i t t e d  w ith  a condenser and an o u t l e t  a tta c h e d  to  

an o i l  b u b b le r . The condenser was n e ce ssa ry  to  c a tc h  any Cr(C0)g 

w hich sub lim ed ; th e  Cr(C0)g cou ld  be pushed back  in to  th e  

r e a c t io n  m ix tu re  by means of a  g la s s  ro d . The m ix tu re  was s t i r r e d  

and h e a te d  a t  120°C u n t i l  CO e v o lu tio n  ceased  (c a . 2 .5  h o u rs ) .

T h is gave a  d a rk  orange s o lu t io n .  The h o t s o lu t io n  was f i l t e r e d  

i n  an i n e r t  atm osphere and th en  cooled  to  room te m p e ra tu re . 

A pproxim ately  100 ml o f  p e tro leu m  e th e r  (b .p .  * 36 -  55°C) was 

added , and th e  Et^N+ [br(CO),.Br] p r e c ip i ta te d  from th e  s o lu t io n .

The s o lu t io n  was f i l t e r e d  o f f  and th e  s a l t  washed th re e  tim es 

w ith  p e tro leu m  e th e r  in  an i n e r t  a tm osphere . The s a l t  was d r ie d  

u nder vacuum to  remove th e  petro leum  e th e r ,  then  t r e a te d  a t  50°C 

a t  0 .001 mm to  remove any ex cess  Cr(CO). ,
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YIELD: 4 .0 g  (85%) o f th e  y e llo w  compound.

T y p ic a l S y n th e s is  o f M(CO)^PR^:

Et^N+ [Cr(CO)^Br]"’ (1 .2 5 g , 0.0031 m ole) was d is s o lv e d  In  40 ml o f

CH0 C ln a n d P (C  H ) (0 .5 3 g , 0 .0045 m ole) was added to  th e  s t i r r e d
& 1 2 5 3

4* ■*s o lu t io n ,  fo llow ed  by th e  Im m ediate a d d i t io n  o f E t.O  BF
<3 4

(0 .6 9 g , 0.0036 mole) in  10 ml o f  CH^Cl^. The o r ig i n a l  d a rk  ye llo w

s o lu t io n  became l i g h t e r  in  c o lo r  w ith in  one m in u te . S t i r r i n g  was

con tin u ed  f o r  5 m inu tes and th e  v o l a t i l e s  w ere removed under

vacuum. The Cr(CO) P (C H ) was e x tr a c te d  from th e  r e s id u e  w ith
5 2 5 3

th r e e  w ashings o f hexane (c a . 45 ml t o t a l ) .  The hexane was removed 

under vacuum, y ie ld in g  a  g reen  l i q u id .

YIELD: 0 .57g  (59%).

S h o rt p a th  su b lim a tio n  a t  60°C o n to  a  c o ld  f in g e r  (d ry  ic e -a c e to n e )  

gave a  ye llow  s o l id  (m .p. -  25 -  29°C ), IR and mass s p e c t r a  

in d ic a te d  th e  m o n o su b stitu ted  p ro d u c t w ith  a  s l i g h t  amount o f  

d i s u b s t i tu t e d  im p u rity .

T y p ica l S y n th e s is  o f C r(C0)5SR :
mm

Et^N+ ^r(C 0)^B r}~  (0 .9 1 g , 0 .0023 m ole) was d is s o lv e d  in  15 ml 

o f CH Cl and S(C1L) (0 .1 4 g , 0 .0023 mole) was added to  th e  s t i r r e d
Im £  O 2

s o lu t io n ,  fo llow ed  by th e  im m ediate a d d i t io n  o f  E t^ 0 +BF^

(0 .4 3 g , 0.0023 mole) in  5 ml o f  CH Cl . The s o lu t io n  became l i g h t e r  

in  c o lo r  w ith in  2 m in u tes . A f te r  s t i r r i n g  f o r  10 m in u te s , th e
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v o l a t i l e s  were removed under vacuum (c a . 6  mm). The Cr(C0)cS(CH )
^ 3 2

was e x tra c te d  from th e  re s id u e  by re p e a te d  w ashings w ith  a  50:50 

s o lu t io n  o f h e x a n e -e th e r  (c a . 50 ml t o t a l ) .  The s o lv e n t  was 

removed under vacuum (c a . 6  mm), y ie ld in g  a  ye llow  l i q u i d .

YIELD: 0 .34g  (60%).

S hort p a th  su b lim a tio n  a t  30°C on to  a  co ld  f in g e r  y ie ld e d  a  y e llo w  

s o l id  which m elted  as  th e  s u r fa c e  o f th e  co ld  f in g e r  warmed to  room 

tem p era tu re  (m .p. « 11 -  14°C). Mass s p e c tro s c o p ic  a n a ly s is  

in d ic a te d  th e  m o n o su b stitu ted  p ro d u c t w ith  no observed  d i s u b s t i tu te d  

im p u r ity .
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REPRESENTATIVE PHOTOELECTRON SPECTRA
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