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PAST RESEARCH SUMMARY 

The type of hyd r ide  complex we s e t  out t o  prepare was suggested by some 

e a r l y  r e s u l t s  concerning how C O  reac ts  w i t h  TaCp"Me4 (Cp" = n5-C5Me5; Cp' = 

n5-C5Me4Et) .12 We found t h a t  an n2-acetone complex was formed f i  r s t ,  f o l l  owed 

by  a po lymer ic  t r i m e t h y l e n o l a t e  complex (equat ion  1). each i n  an in t ramolecu-  

l a r  fashion. Therefore we considered prepar ing  TaCp"H4 from TaCp"Me4 and H2. 

Eventua l l y ,  we had t o  admit t h a t  whatever the  product was, i t  probably was n o t  

Cp" 
c o  co I 

I 
TaCp"Me4 - > TaCp"Me2(nZ-acetone) -> - LMe-Ta=O 1, ( 1 )  X 

'TaCp"H4'. 

T h i s  goal w a s  more rea l  i s t i c  and successful.  

We then lowered ou r  expec ta t ions  by a t tempt ing  t o  make TaCp"C12H2. 

We found t h a t  TaCp"C12(propylene), a molecule we discovered and used 

e x t e n s i v e l y  f o r  s tudy ing  the  s e l e c t i v e  d i m e r i z a t i o n  o f  a -o le f ins ,13  reac ts  

smoothly w i t h  H2, as shown i n  equat ion  2. The corresponding Cp' canplex was 

TaCp"C1 2(propy1 ene) + H 2  -> LTaCp"C1 2 2  H ]  ( 2  ) 

f r an TaCp ' C  1 iiNp2 and hydrogen. 

CH2CMe3) i s  an in te rmed ia te .  

probably  does no t  i n v o l v e  format 

more so lub le ,  and i n  s p i t e  o f  i t s  hav ing  a more canplex NMR spectrum, we 

r o u t i n e l y  s tudy  i t  ins tead  o f  LTaCp."C12H!2. [TaCp'C12H22 cou ld  a l s o  be made 

I n  each case TaCp'C12R(H) (R = p ropy l  o r  

he subsequent r e a c t i o n  t o  'form CTaCp'Cl2HJ2 

on o f  TaCp'C12H2 as an in termediate.  
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Upon reac t i ng  CTaCp'C1 2H]2 w i t h  a1 k y l  a t i n g  agents monoal k y l  d e r i v a t i v e s  

Ta2Cp'2C13H2R are formed. A drawing o f  t h e  s t r u c t u r e  o f  t h e  methyl d e r i v a t i v e  

i s  shown i n  F igu re  1. We assume t h e  parent  complex has an analogous s t r u c t u r e  

shown schemat ica l l y  below the  ORTEP drawing, and t h a t  t he  hydr ides  are present  

i n  b r i d g i n g  p o s i t i o n s  as shown. A p r e p r i n t  o f  t h e  paper d e s c r i b i n g  t h i s  

s t r u c t u r e  and re levan t  chemistry i s  prov ided i n  Appendix I .  

There a re  several fea tures  o f  these d imer i c  molecules which I want t o  

summarize here, s ince they  w i l l  be use fu l  t o  us i n  t h e  next  stage where we 

wor ry  about whether t h e  dimer remains i n t a c t  when i t  reac ts  w i t h  CO.  A l l  

evidence t o  date suggests t h a t  (see Scheme I )  

( i )  t h e  dimer does n o t  break i n t o  monmers under m i l d  cond i t i ons  ( 7 U " ,  

5 h r ) ;  

( i i )  i n te rmo lecu la r  hydr ide  exchange i s  n o t  n e g l i g i b l e ,  b u t  i t  i s  slow; 

( i i i )  i n te rmo lecu la r  non- ion ic  ha1 i d e  exchange i s  f a s t ;  

( i v )  t h e  ends o f  t h e  dimers can r o t a t e  p a r t i a l l y  w i t h  respect  t o  one 

another so as t o  pass through t h e  s t r u c t u r e  which i s  shown i n  

equat ion 3. 

CI 
1 

Cp'mTa 
J 

CI 
H? b 

CI 

The f o u r t h  conclus ion fo l l ows  f r a n  observat ions i, ii, and iii and t h e  f a c t  

t h a t  on l y  two types  o f  methy l  groups a re  observed i n  t h e  'H NMH spectrum o f  

a r e  -1 ocated i n  

ngent upon t h e  

do n o t  know f o r  c e r t a i n  where t h e  hydr ides  

c species, n o r  i f  t h e i r  m o b i l i t y  i s  cont 

LTaCp'C1 2H],. We 

t h e  more symmetr 

t w i s t i n g  process. 





SCHEME I. SOME LABELING STUDIES 

(45%) 
(i) ’ Ta$p&H2 + Ta2Cp&H2 Jt- 2 Ta&C&14H2 ( lo0,  5 hr)  

S I  ow 
(ii) (TaCdCl2H)z + (TaCdC1$)2 - 2 Ta&d2C14HD ( 4 5 O ,  I hr 1 

(iii) (ToCdCIZH)O + (TaCdBr2H)2 - all possible at 2 5 O  in C6H6 
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The b i n u c l e a r  tan ta lum hyd r ide  complexes reac t  w i t h  carbon monoxide t o  

g i v e  a molecule which i s ,  t o  my knowledge ( w i t h  t h e  except ion  o f  Bercaw's 

fo rma t ion  o f  z i  rconoxy carbene complexes (Scheme 11 ) 14 ) ,  t h e  o n l y  example o f  

reduc t i on  o f  C O  by a t r a n s i t i o n  metal hyd r ide  t o  g i v e  a complex con ta in ing  a 

CHO l igand.  ( A  p r e p r i n t  i s  prov ided i n  Appendix 11. ) L i k e  Bercaw's " z i r -  

conoxy carbene", t h e  " fo rmy l  hyd r ide "  product  con ta ins  an unusual " fo rmy l  I' 

l i gand ,  one which i s  t rapped between two tan ta lum centers  ( F i g u r e  2) .  l5  The 

metals a re  now t o o  f a r  apar t  t o  form a Ta-Ta bond. I s o n i t r i l e s  reac t  w i t h  t h e  

d imer i c  tan ta lum hyd r ide  complex i n  an analogous fash ion  t o  g i v e  d i m e r i c  

formimidoyl canplexes. We a l s o  know t h a t  LTaCp'C12H]2 reac ts  w i t h  e thy  ene as 

shown i n  equat ion  4, and w i t h  a c e t o n i t r i l e  as shown i n  equat ion  5; these 

s tud ies  w i l l  be pub l i shed l a t e r ,  a long w i t h  a f u l l  account o f  how [TaCp C12H!2 

reac ts  w i t h  smal l  molecules (see Proposed Research). 

iTaCp'C12Hj2 + C2H4 

LTaC p ' C 1  2H I, + CH3CN 

> 

> Cp'CI2 Ta-H-TaCp 

'Cl' 

' C 1  

When LTaCp'Cl2>,(H)(CHO) i s  hydrolyzed w i t h  aqueous HC1, methanol fo rms 

i n  >go% y i e l d .  We have assumed t h a t  t h e  oxygen i n  t h e  methanol i s  t h a t  from 

t h e  o r i g i n a l  CU moleucle. (we cou ld  have pos tu la ted  t h a t  H20 o r  OH a t t a c k s  a 

u-methylene l i gand ,  b u t  a s  we s h a l l  see s h o r t l y ,  a complex which does con ta in  

a p-methylene l i g a n d  hydrolyzes t o  g i v e  methane, n o t  methanol .) Methane 

@ 
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(35% y i e l d )  can be obtained from LTaCp'Cl2I2(H)(CHU) by adding A1C13. The 

y i e l d  improves s i g n i f i c a n t l y  (P 80%) i f  molecu la r  hydrogen i s  present i n  addi -  

t i o n  t o  A1C13. It seems reasonable t o  propose t h a t  t h e  a1 uminum coordinates 

t o  t h e  oxygen o f  t h e  p-formyl l i g a n d  and a s s i s t s  i n  breaking t h e  C O  bond. 

B e f o r e  we had o b t a i n e d  s u i t a b l e  x - r a y  q u a l i t y  c r y s t a l s  o f  

LTaCp'Cl2j2(H)(CHO), we attempted t o  prepare a more c r y s t a l 1  i n e  d e r i v a t i v e  by 

adding PMe3. Yel low needles were obtained" of a compound whose s t r u c t u r e  i s  

shown i n  F igure  3. l 7  The CH-0 bond must break when PMe3 a t tacks  the  formyl 

carbon a t o m  t o  g i v e  a u-Me3PCH l i g a n d .  The metals, as i n  LTaCp'Cl2I2(H)(CHO), 

are s t i l l  t o o  f a r  a p a r t  t o  be bonded t o  each o the r ,  bu t  they  a re  c lGser t o -  

ge the r  i n  TazCpI2Cl4(H)(Me3PCi{)(C) than i n  LTaCp'Cl2jZ(H)(CHO) as a r e s u l t  o f  

t h e  CH-U bond cleavage. Besides t e l l i n g  us  t h a t  "bases" w i l l  a t t ack  the  fo r -  

my1 carbon atom, t h e  favo rab le  c h a r a c t e r i s t i c s  o f  t h e  H NMK spec t ra  al lowed 

us t o  do t h e  experiment shown i n  equa t ion  6. It proves t h a t  t h e  d i m e r i c  

1 

1. CCI 

lTaCp'Cl2Hj2 + LTaCp'Cl2DI2 > no LTaCp'Cl 2J2(H)(Me3PCD) ( 0 )  ( 6 )  
2. PMe3 

hyd r ide  does - not  break i n t o  f r e e  monomeric u n i t s  when i t  reac ts  w i t h  CO. (The 

p o s s i b i l i t y  t h a t  t h e  two hyd r ides  ( d e u t e r i d e s )  stay w i t h  one monaneric metal  

fragment, bu t  do n o t  scramble, i s  a poss ib le ,  b u t  we f e e l  l e s s  l i k e l y  a l t e r -  

na t ive . )  We had expected C O  t o  c leave t h e  Ta-Ta bond by c m p a r i s o n  w i t h  t h e  

known r e a c t i o n  shown i n  equat ion 7. 18 

Cp2Ti - TiCp2 + 2PPh3 -> 2Cp2Ti(H)(PPh3) 

'ti' 



Figure 3. Labeling of atoms in  the ((q5-C,Mc,Et)TaC12]2(H)(p- 
C H P M c , ) b - 0 )  molecule (ORW diagram, 30% probabhty ellipsoids). 

Table . lntramolecuh Distances with Ejd’r for 
L(o’€,Me,EOTaa,I , (H)(rCHPMe,)(r~)  

atoms dirt. A atoms &st .  A 

(A)  Distances fiom the Tanlalum Atoms 
Ta(lF-Ta(2) 2 9 9 2  (1) 
Ta(lFQ(1)  2.445 (4) T a ( Z W ( 3 )  2.405 ( 5 )  
T a ( l W ( 2 )  2.437 ( 5 )  T a ( 2 H X 4 )  2.417 (6) 
T s ( l K ( 1 )  2.187 (17) Ta(Z)-C(l) 2.354 (17) 
Ta( 1 k0 1.895 (1 1) T a ( 2 W  1.958 (11) 
Ta(lFC(11)  2.531 (20) T a ( Z K ( 3 1 )  2.486 (22) 
Ta( lkC(12)  2.481 (19) T a ( 2 S ( 3 2 )  2.477 (20) 
Ta( lbC(13)  2.414 (18) Ta(ZjC(33)  2.532 (21) 
Ta(lhC(14)  2.476 ( 2 0 )  Ta(2)4(34) 2.513 (18) 
Ta(lkC(1S) 2.502 (18) Ta(2)-C(35) 2.439 (17) 
Ta(1 ).,Cp(l) 2.165 Ta(Z),-Cp(2) 2.172 

( 8 )  Distances within thc ClIPhle, Ligand 
P-c(I) 1.751 (19) 
P - W )  1.846 (26) 
P-c(3) 1.835 (21) 
P-C(4) 1.838 (22) 

(C) internal C C  Distances for the q’C,Mc,E1 Lignds 

C(12)-C(13) 1.422 (27) C ( 3 2 K ( 3 3 )  1.442 (31) 
C(13-(14) 1.416 (27) C ( 3 3 K ( 3 4 )  1.392 (29) 
C(14)-C(15) 1.439 (27) C(34bC(35) 1.446 (26) 
C(lS)-C(ll) 1.394 (27) C(35MX31) 1.420 (28) 

(D) External C(sp’)-C(sp’) Distances for thc v’C,Me,Et  h a n d s  
C(ll)-C(16) 1.549 (28) C ( 3 1 H 3 3 6 )  1.531 (33) 
C(12)-C(17) 1.536 (29) C ( 3 2 K ( 3 7 )  1.512 (29) 
C(13)--C(18) 1.545 (30) C(33)-C(38) 1.557 (33) 
C ( 1 4 x ( 1 9 )  1.536 (30) C ( 3 4 K ( 3 9 )  1.534 (31) 
C(lSbC(20)  1.535 (28) C(35)-C(40) 1.472 (26) 

(E) External C(sp’kC(rp’) Disrancrs for the q ’ c ,  ht r , t l  Ligands 
C(20)-C(20A) 1.565 (31) C(40)-C(40A) 1.588 (30) 

C ( l l k C ( 1 2 )  1.452 (27) C ( 3 1 K ( 3 2 )  1.448 (31) 
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The ques t ion  as t o  how CO reac ts  w i t h  LTaCp'C12H-J2 becomes an urgent and 

e s p e c i a l l y  impor tan t  one upon cons idera t ion  o f  t h e  p r e l  im inary  r e s u l t s  shown 

i n  Scheme 111. Apparent ly  t h e  n-bonding l i gands  (PMe3 and CO) form analogous 

paramagnetic dimers. We have obta ined one poor q u a l i t y  FT IR spectrum o f  a 

sample o f  LTaCp'C12Hj2(CU) i n  which what i s  p robab ly  a vCO band i s  observed a t  

1953 an-'; t h i s  must be c a r e f u l l y  checked (see Proposed Research). We have 

a l s o  obta ined p r e l i m i n a r y  EPR spec t ra  o f  t h e  PMe3 and C O  adducts which suggest 

t h a t  t he  s i t u a t i o n  which g ives  r i s e  t o  the  paramagnetism i s  n o t  a simple one. 

Our working hypothes is  i s  t h a t  t h e  monocarbonyl adduct i s  a d imer which con- 

s i s t s  o f  weakly i n t e r a c t i n g  d centers  b r idged by c h l o r i d e s  as shown i n  Scheme 

I V ;  t h e  hydr ides  should no longer  be ab le  t o  b r i dge  i f  t h e  Ta-Ta  bond i s  par-  

t i a l l y  broken. A l l  o f  these r e s u l t s  are s t r i c t l y  p r e l i m i n a r y  and I present  

them here o n l y  i n  o rder  t o  i l l u s t r a t e  how p o t e n t i a l l y  i n t e r e s t i n g  and impor- 

1 

t a n t  they  are. 

A n o t h e r  p r e l  i m i n a r y  and i n t e r e s t i n g  r e s u l t  i s  t h a t  when 

LTaCp'C12j2(H)(CHb) i s  heated n the  s o l i d  s t a t e  i t  g i ves  a species which con- 

t a i n s  a methylene l i g a n d  (JCH = 135, 6 C s 130 pprn) der ived  from l3C0. We 

suspect t h a t  t h e  b r i d g i n g  hydr  de (a "base" j  a t tacks  the  formyl carbon a t o m  t o  

g i v e  a p-methylene p-oxo complex (equat ion  8 ) .  While [TaCp'C12&,(H)(CHU) 

hydro lyzes  t o  g i v e  methanol (see above), t h e  U-methylene U-oxo c m p l e x  hydro- 

l y z e s  t o  g i v e  methane. 

13 

CH 

\ /  
0 

/ 2, 
heat  

LTaCp I C12& (H ) (CHO ) - > Cp'C12Ta TaCp I C1 



SCHEME I I I .  FORMATI ON OF ADDUCTS 

(i) green, diomognetic 
(ii) 5 inequiv. py protons 

(hi) inaquiv. hydrides 

( 1 )  purple, paramagnetic, dimeric (QQ 

(ii) decomposes a t  25" 

+ c o  - (TaCdCI&(CO) I 1  

(i) purple, paromagnetic (2.3 BM,-60°) 
(ii) decomposes at -30" to  formyl hydride 



SCHEME I V .  PROPOSED MECHANISM 

CI, 
Cd CI H Ta4"%a h r  Cd CI 

o=cN 

or 
CI.. 

CdCIHTa, <CI'TaCdCl ,, 
0'CH 



We have spent some t i m e  e x p l o r i n g  analogous niobium chemistry. Some 

d e t a i l s  must s t i l l  be worked out. LNbCp'C12Hj2 can be prepared r e a d i l y  i n  a 

manner analogous t o  t h a t  used t o  prepare [TaCp'C12Hj2. It i s  v i r t u a l l y  

i n d i s t i n g u i s h a b l e  from LTaCp'C12H j, p h y s i c a l l y ,  bu t  i t s  I R  and NMR spectra 

d i f f e r  fran those f o r  t h e  tantalum species; a meta l -hydr ide  mode i s  n o t  found 

a t  1650 cm-l i n  t h e  I R  spectrum and a hyd r ide  resonance i s  absent i n  t h e  NMR 

spectrum. [NbCp'Cl,H], does n o t  r e a c t  r e a d i l y  w i t h  CO, and when i t  does, 

monaneric products such as NbCp'Cl,(CO), r e s u l t .  

I w i l l  no t  i n c l u d e  i n  t h i s  summary t h e  many unsuccessful at tempts t o  

prepare o the r  tan ta lum and niobium hyd r ide  cmp lexes  o r  d e r i v a t i v e s  o f  those 

we have i n  hand. The few which apparent ly  were successful need t o  be v e r i f i e d  

and c l a r i f i e d  be fo re  we can repo r t  t h e  r e s u l t s  con f iden t l y .  Sanetimes a 

r e s u l t  we have obtained i s  mentioned i n  the  Proposed Research sec t i on  s imply 

because i t  serves t o  d e f i n e  a new d i r e c t i o n  o r  i n v i t e s  p r o o f  and e labo ra t i on .  



SCHEME 11, Formation of z i rconoxy ca rbene  complexes 

H 



F i g u r e  2 .  X- ray Structure of Ta2( f -hMe4Et  )2C14(H)(CHOI 

(Churchill 8 Wasserman ) 

n 
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ABSTRACT 

Q Cyclopentadieny l  tanta lum o l e f i n  o r  d ineopenty l  cmp lexes  reac t  w i t h  

mo lecu la r  hydrogen t o  g i ve  b inuc lea r  hydr ide  cmplexes,  LTa(n5-C5Me4R)Cl2H-J2 

(R = Me o r  E t ) .  The d imer i c  hydr ide  canplexes reac t  w i t h  a l k y l a t i n g  agents t o  

g i v e  monoa lky l  d e r i v a t i v e s  (R = Me, E t ,  CH2CMe3, C H 2 S i  Me3). 

Ta2(q5-C5MeqEt) C1 H (Me) c r y s t a l l i z e s  i n  t h e  monoc l in ic  space group PZl/c 

w i t h  - a = 20.084(6);, - b = 16.972(4);, - c = 15.869(4)i, and B = 96.86(2)'. The 

s t r u c t u r e  was so lved by f u l l - m a t r i x  least -squares techniques t o  R values o f  

= 5.6% and = 7.0% f o r  6542 absorp t ion-cor rec ted  r e f l e c t i o n s  having 2eMoKa < 
55' and 1 > 3 a ( I ) .  There are  two independent molecules pe r  a s y m e t r i c  u n i t .  

Each c o n s i s t s  o f  two  a p p r o x i m a t e l y  t e t r a h e d r a l l y  c o o r d i n a t e d  

Ta(n5-C5Me4Et)C1(C1/C) fragments j o i n e d  by a Ta-Ta bond (2.854(1)A i n  molecule 

1); t h e  C l / C  te rmino logy  s i g n i f i e s  t h a t  t h e  methyl group i s  d isordered w i t h  

t h e  c h l o r i d e  l i g a n d  w i t h  which i t  i s  ec l ipsed.  We propose t h a t  t h e  hydr ide  

l i gands  are  br idg ing .  We have shown t h a t  t h e  dimer remains i n t a c t  throughout  

( i )  a f l u x i o n a l  process i n  Taz(n5-C5Me4Etj2C13H2(R) which exchanges t h e  two 

i n e q u i v a l e n t  h y d r i d e s ;  ( i i )  a b i m o l e c u l a r  h a l i d e  exchange p r o c e s s  i n  

L T ~ ( ~ I ~ - C ~ M ~ ~ E ~ ) C ~ ~ H ] ~  which i s  slow on t h e  NMR t ime  sca le  bu t  f a s t  on t h e  

chemical t ime  scale;  and ( i i i )  a b imo lecu la r  hydr ide  exchange process i n  

LTa(ns-C5Me4Et)C12H]2 which i s  slow on t h e  chemical t ime scale. The fo rmat ion  

of LTa(n5-C5Me4Et)C12Hj2 i s  be l i eved  t o  i n v o l v e  a complex b imo lecu la r  decompo- 

s i t i o n  o f  in te rmed ia te  Ta(~5-C5Me,Et)C12(H)(R) canplexes, one o f  which (R = 

CH2CMe3) has been i s o l a t e d  and charac ter ized  by I R  and NMR methods. 

2 3 2  

0 
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INTRODUCTION 

There a r e  now severa l  

cata lyze t h e  reduc t i on  o f  

homogeneous t r a n s i t i o n  metal  systems which w i  11 

carbon monoxide by molecular  hydrogen. I n  a l l  

cases t h e  c a t a l y s t  conta ins a Group VI11 meta l ,  t h e  reduc t i on  products  a r e  

 oxygenate^,^ and w i t h  one p o s s i b l e  e ~ c e p t i o n , ~  t h e  r e d u c t i o n s  a r e  n o t  

s e l e c t i v e  f o r  any oxygenate con ta in ing  one o r  more C-C bonds. 293 Therefore,  

t h e r e  i s  cons iderable roan f o r  improving t h e  known c a t a l y s t  systems. Studies 

of s t o i  ch i  m e t r i c  "model" react ions between hyd r ide  canpl exes o f  t h e  e a r l i e r  

t r a n s i t i o n  meta ls  and carbon monoxide might  h e l p  determine how t h i s  can be 

done.' What model s tud ies  a l s o  do, however, i s  increase t h e  p r o b a b i l i t y  of 

d i s c o v e r i n g  a c a t a l y s t  which does n o t  con ta in  a Group VI11 metal ,  one which 

might reduce carbon monoxide more s e l e c t i v e l y  than known c a t a l y s t s ,  o r  under 

m i l d e r  c o n d i t i o n s  than known c a t a l y s t s ,  o r  both. For these two reasons we 

became i n t e r e s t e d  i n  e x p l o r i n g  react ions between niobium and tanta lum hyd r ide  

c omp 1 exes and ca rbon monox i de. 

The known niobium and tanta lum po lyhyd r ide  complexes, M C P ~ H ~ ~  (Cp = 

ns-C5H5) and MH5(dmpe)2,7 lose one and t w o  equ iva len ts  o f  H2 i n  t h e  presence 

Of C O  t o  g i v e  MCp2(H)(CO) and M(H)(dmpe)2(CO)2, respec t i ve l y .  The monohydride 

canplexes do no t  reduce CO. Therefore  our  f i r s t  task was t o  prepare  new types 

of hyd r ide  complexes. Recent ly  we d iscovered t h a t  Ta(ns-C5H5)Me4 would reduce 

CO t o  g i v e  an n2-acetone complex, and t h a t  t h e  n2-acetone c m p l e x  would reac t  

8 f u r t h e r  w i t h  C O  t o  g i v e  a d e r i v a t i v e  con ta in ing  a t r i m e t h y l e n o l a t e  l igand.  

Therefore we f e l t  t h a t  Ta(n5-CgH5)Hq o r  Ta(s5 -C5H5)C12H2 might  reduce CO. We 

opted t o  at tempt t o  make t h e  l a t t e r  types o f  molecules s ince they should be 

obtained by r e a c t i n g  known monocyclopentadienyl tanta lum d i a l  k y l  a1 k y l  i- 

dene,9a o r  o l e f i n g b  complexes w i t h  molecular  hydrogen. I n  t h i s  paper we 
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r e p o r t  t h e  r e s u l t s  o f  these  r e a c t i o n s ,  a new c lass  o f  b i n u c l e a r  tan ta lum 

hydr ide  canplexes. I n  subsequent papers we w i l l  r e p o r t  how these  new tanta lum 

complexes r e a c t  w i t h  small molecules,  i n c l u d i n g  carbon monoxide, and how t h e  

analogous chemistry  o f  niobium canpares w i t h  t h a t  o f  tanta lum.  
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RESULTS 

Prepara t i on  and Proper t i es  o f  [ T ~ ( T I ' - C ~ M ~ ~ R ) C ~ ~ H ] ~  (Cp" = n5-C5He5; 

Cp' = n'-C5MeqEt) 

TaCp"C1 2(propylene) and TaCp"C1 2 (s ty rene)  react  c l e a n l y  i n  pentane w i t h  

molecular  hydrogen a t  20-40 p s i  t o  g i v e  i n s o l u b l e  green LTaCp"C12H]2 i n  h i g h  

y i e l d  and a m i x t u r e  o f  t h e  o l e f i n  and t h e  alkane i n  a r a t i o  o f  approximately 

2 : l .  I n  t h e  case o f  TaCp"C12(propylene), t h e  y i e l d  o f  LTaCp"C12H]2 i s  fl 70% 

a f t e r  one hour. The orange f i l t r a t e  conta ins t h e  remaining tantalum as t h e  

propylene metalacyclegb fonned by a d d i t i o n  o f  propylene t o  TaCp"C12(propylene) 

(Eq. 1). Th is  meta lacyc le s low ly  decomposes t o  2,3-dimethyl- l -butene and 

TaCp"C12(propylene')9b so t h a t  a f t e r  8 24 h t h e  y i e l d  of  [TaCp"C12H]2 i s  essen- 

t i a l l y  q u a n t i t a t i v e .  I n  t h e  case o f  T a C p " C l 2 ( s t y r e n e ) ,  t h e  y i e l d  o f  

LTaCp"C12H]2 i s  c 70% a f t e r  20 hours;  t h e  remainder i s  s t a r t i n g  m a t e r i a l .  

(Note tha t  "s tyrene t a n t a l a c y c l e s "  do n o t  LTaCp"C1 *HI2 i s  moderate- 

l y  s o l u b l e  i n  chlorobenzene and to luene,  s l i g h t l y  so lub le  i n  te t rahyd ro fu ran ,  

and i n s o l u b l e  i n  e t h e r  and hydrocarbons. It reac ts  immediately w i t h  ch loro-  

form, more s low ly  w i t h  d i c h l o r m e t h a n e ,  t o  g i v e  s p a r i n g l y  so lub le,  y e l l o w  

Ta Cp"C1 4. 

[TaCp"C12H]2 can , a l s o  be prepared by r e a c t i n g  TaCp"ClZNp2 (Np -= CH2CMe3) 

i n  pentane w i t h  hydrogen (Eq. 2). The product i s  i n f e r i o r  t o  t h a t  obtained by 

r e a c t i n g  TaCp"CI2(propylene) w i t h  H2, s ince  an i m p u r i t y  w i t h  s o l u b i l i t y  char- 

a c t e r i s t i c s  s i m i l a r  t o  those o f  LTaCp"C12H]2 cannot be removed by r e c r y s t a l l i -  

t a t i  on, 

@ 
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12 h 

TaCp"C1 2Np2 +_ HZ -I CTaCp"C1 2H]2 

[TaCp'C12HJ2 can be prepared by methods analogous t o  those shown i n  

equat ions 1 and 2. One redeeming feature o f  t h i s  more compl icated molecule i s  

t h a t  i t  i s  more s o l u b l e  than LTaCp"Cl2HJ2. Therefore,  we cou ld  show t h a t  i t  

i s  a dimer i n  benzene. What w i l l  t u r n  out  t o  be an impor tant  f a c t ,  once we 

know t h e  s t r u c t u r e  o f  t h i s  molecule, i s  t h a t  t h e  molecule appears t o  have two 

planes o f  symnetry; on l y  two types o f  methyl  groups a r e  found on t h e  

equ iva len t  qs-C5Me4Et r i  ngs. 

A l l  r eac t i ons  o f  t h e  type shown i n  equat ions 1 and 2 work best i n  a 

r e l a t i v e l y  l a r g e  volume o f  pentane. Sane so lvents  a r e  dismal f a i l u r e s .  For 

example, t h e  y i e l d  of [Ta(sS-C5Me4Et)Cl2HJ2 i n  te t rahyd ro fu ran  i s  o n l y  = 10%. 

I n  e t h e r  o r  t o luene  t h e  y i e l d s  a re  in termediate.  

The hyd r ide  l i gands  can be observed by NMR o r  I R .  I n  t h e  'H NMR spec- 

t r u m  a hyd r ide  resonance o f  area one r e l a t i v e  t o  each C5Me4R group i s  found a t  

fl10.4 ppm i n  each case. The spectrum does no t  change upon c o o l i n g  o r  hea t ing  

t h e  sample. I n  t h e  I R  spectrum a medium s t reng th ,  broad peak a t  158U cm-I can 

be assigned t o  a meta l -hydr ide mode. The p o s i t i o n  o f  t h e  peak i s  c o n s i s t e n t  

w i t h  equ iva len t ,  b r i d g i n g  hydr ides,  b u t  t h e  p o s s i b i l i t y  t ha t  t h e  hydr ides a r e  

t e r m i n a l l y  bound cannot be excluded by t h i s  data alone. 

One major  goal was t o  o b t a i n  x-ray q u a l i t y  c r y s t a l s  o f  e i t h e r  t h e  Cp" o r  

Cp' complex. Un fo r tuna te l y ,  we d i d  n o t  succeed i n  s p i t e  o f  a g rea t  deal  o f  

e f f o r t .  Our search f o r  a 

d e r i v a t i v e s ,  one o f  which 

f o r e  we must descr ibe t h e  

s u i t a b l e  d e r i v a t i v e  l e d  us t o  prepare sane monoalkyl 

d i d  p rov ide  adequate x- ray q u a l i t y  c r y s t a l s .  There- 

monoal k y l  d e r i v a t i v e s  and t h e  x-ray s t r u c t u r e  before 
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r e t u r n i n g  t o  some impor tant  r e s u l t s  concerning how these  d imer i c  molecules 

behave i n  s o l u t i o n .  

P repara t i on  o f  Monoalkyl D e r i v a t i v e s  and t h e  X-Ray S t r u c t u r e  o f  

Ta2(n 5 -C5Me4Et)2C13H2(He) 

5 CTa(n -C5Me4R)C1 2H]2 reac ts  w i t h  h a l f  an equ iva len t  o f  Mg(CH2CMe3)2, 

Mg(CH2SiMe3)2, o r  ZnMe2 t o  g i v e  b l u e  t o  v i o l e t  d i m e r i c  a l k y l  hyd r ide  com- 

plexes, Ta2(n 5 -C5Me4R)ZC13H2(R') ( R '  = Me, CH2CMe3, CH2SiMe3), i n  moderate 

y i e l d s  (30-6oX). A l l  a re  extremely so lub le  i n  hydrocarbon o r  aromat ic s o l -  

vents and c r y s t a l  1 i z e  o n l y  from concent ra ted  pentane s o l u t i o n s  a t  -30'. 

Attempts t o  add a second a l k y l  group y i e l d e d  on ly  orange-brown o i l s  which 

cou ld  not  be character ized. An e t h y l  d e r i v a t i v e  could be prepared a t  -5U°C 

us ing  ZnEt2, b u t  i t  could be cha rac te r i zed  on ly  i n  s o l u t i o n .  A f t e r  IP 0.5 h a t  

0' i t  had l a r g e l y  decomposed t o  g i v e  approximately 0.5 equ iva len ts  o f  

L T ~ ( O ~ - C ~ M ~ ~ R ) C ~ ~ H ] ~  as t h e  on ly  c h a r a c t e r i z a b l e  cunplex. I n  a1 1 a1 k y l  

hyd r ide  complexes a peak f o r  a rnetal-hydr ide s t r e t c h i n g  mode i s  s t i l l  observ- 

a b l e  i n  t h e  I R  spectrum a t  1580-1600 un-l. 
5 A c r y s t a l  o f  Taz(n -C5Me4Et)2C13H2(Me) was f i n a l l y  obta ined which was 

s u i t a b l e  f o r  a s i n g l e  c r y s t a l  x-ray d i f f r a c t i o n  study.  One c a n p l i c a t i n g  

f e a t u r e  i s  t h a t  t h e  asymmetric u n i t  conta ins t w o  independent molecules ( F i g u r e  

1). The d i f f e r e n c e  between t h e  two i s  p r i m a r i l y  how t h e  n5-C5Me4Et r i n g  i s  

o r i e n t e d  on Tab; t u r n i n g  t h e  n5-C5Me4Et r i n g ,  on Tab i n  molecule 1 c lockwise by 

72" g i ves  molecule 2. F i n a l  a t u n i c  coord inates f o r  a l l  atans i n  both mole- 

cu les can be found i n  Table I and a n i s o t r o p i c  thermal parameters f o r  t h e  non- 

hydrogen atans i n  Table 11.l' Bond lengths can be found i n  Table I 1 1  and bond 

angles i n  Table I V .  
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/1 I f  we igno re  t h e  hyd r ide  l i gands  and say t h e  metal-metal bond and t h e  

qs-C5Me4Et  group each take up one c o o r d i n a t i o n  s i t e ,  t hen  t h e  geanetry about 
w 

each metal i s  roughly  te t rahedra l .  The " t e t r a h e d r a l  bond angles" around Ta 

range from 96.6O t o  126.3", w i t h  those l a r g e r  than t h e  i d e a l i z e d  t e t r a h e d r a l  

value o f  109.5' i n v o l v i n g  t h e  bulky, s ter ica l ly -demanding Cp' l i g a n d  o r  t h e  

o the r  TaCp'Cl(Cl/C) group. (See below f o r  a d i scuss ion  o f  t h e  C l / C  nanencla- 

t u re . )  The two ends o f  t h e  molecule are e c l i p s e d  and j o i n e d  by a Ta-Ta s i n g l e  

bond w i t h  a l e n g t h  o f  2.854(1)A i n  molecule 1 and 2.815(1)A i n  molecule 2. 

The TI -C5MeqEt groups a r e  t h e  normal, s l i g h t l y  "dish-shaped" v a r i e t y  w i t h  

" 0 

5 

normal Ta-C bond leng ths  (average 2.44 (2,2,6,20)A "1 1 ). 

The methyl group almost c e r t a i n l y  occupies one o f  t h e  "ec l i psed  c h l o r i d e "  

s i t e s .  However, one problem (which we d iscuss a t  l eng th  i n  t h e  exper imental  

s e c t i o n )  i s  t h a t  t h e  methyl group i s  d isordered w i t h  t h e  c h l o r i d e  i n  a s i m i l a r  

p o s i t i o n  a t  t h e  o the r  end o f  t h e  molecule. Therefore these l i gands  a r e  

l abe led  C l / C  i n  F i g u r e  1. The C l / C  l i g a n d s  were i nc luded  i n  t h e  f i n a l  cyc les 

of least-squares ref inement a t  an occupancy o f  1.00 w i t h  a t a n i c  s c a t t e r i n g  

fac to rs  having 50% C1 and 50% C character.  I n  t h e  end we could no t  t e l l  by 

me ta l - l i gand  bond lengths alone which s i t e s  were occupied by C1 and which by 

" C l / C " ;  t h e  f o u r  independent Ta-C1 bond leng ths  i n  t h e  two molecules d i f f e r  

n e g l i g i b l y  from t h e  f o u r  i n v o l v i n g  t h e  d i so rde red  C l / C  s i t e s  (2.357(5,8,13,4)A 

vs. 2.375(7,5,10,4)A, r e s p e c t i v e l y ) .  I f  we rep lace t h e  e t h y l  group i n  each 

Cp' r i n g  by  a methyl group, then each independent Ta2(n5-C5Me4Et)2C13H2(Me) 

molecule has approximate i d e a l i z e d  CE symmetry w i t h  t h e  pseudo-Cp a x i s  being 

o r i e n t e d  perpendicu lar  t o  and b i s e c t i n g  t h e  Ta-Ta bond. 

c. 

0 

Unfor tunate ly ,  de te rm ina t ion  o f  t h e  hyd r ide  1 igand p o s i t i o n s  from t h e  

x-ray data was prevented by t h e  presence o f  r e l a t i v e l y  heavy Ta atoms, t h e  

63 
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p r e v i o u s l y  descr ibed C l lme thy l  d i so rde r ,  and a r e l a t i v e l y  low y i e l d  (53%) of 

"observed" ( I / a ( I )  > 3.0) d i f f r a c t e d  i n t e n s i t i e s .  I f  we assume they  a r e  

b r i d g i n g  and interchanged by a C2 operat ion,  then they must be above and below 

t h e  TaZ(C/C1)2 plane. By analogy w i t h  t h e  s t r u c t u r e s  o f  two d e r i v a t i v e s  o f  

[Ta Cp IC1 2H]2, we 

b e l i e v e  each hyd r ide  i s  most l i k e l y  t rans  t o  one o f  t h e  Cp' groups. This i s  

shown schemat i ca l l y  f o r  t h e  parent t e t r a c h l o r o  complex i n  F igu re  2. The Cz 

a x i s  passes between t h e  two b r i d g i n g  hydr ides,  between t h e  t w o  e c l i p s e d  

[Ta Cp 'C1 2]2 (H ) (CHO ) l2 and [Ta Cp ' C1 2H]2 (H ) ( Me3PCH) (0 )' 3, 

c h l o r i d e  l igands,  and through t h e  Ta-Ta bond. 

1 It i s  i n t e r e s t i n g  and p o t e n t i a l l y  impor tant  t o  note t h a t  t h e  H NMR spec- 

t rum o f  [TaCp'Cl2HJ2 i s  - not  cons is ten t  w i t h  t h e  s o l i d  s t a t e  s t r u c t u r e .  I f  t h e  

s o l i d  s t a t e  s t r u c t u r e  i s  preserved i n  s o l u t i o n ,  t h e n  - four,  n o t  - two,  d i f f e r e n t  

n5-C5Me4Et methyl groups should be observed. A proposal which i s  cons i s ten t  

w i t h  t h i s  f a c t  and a l l  o the r  behavior o f  t h i s  species i n  s o l u t i o n  which we 

w i l l  t a l k  about l a t e r  i s  t h a t  t h e  t w o  ends of t h e  molecule can r o t a t e  t o  pro- 

duce a molecule w i t h  pseudo-trans Cp' l i gands ,  b u t  t h e  two ends cannot r o t a t e  

a f u l l  360" because o f  s t e r i c  i n t e r a c t i o n  between t h e  two Cp' r ings.  

NMf-? Stud ies  o f  Monoalky l  D e r i v a t i v e s  

The NMR spect ra o f  t h e  monoalkyl d e r i v a t i v e s  r e f l e c t  t h e  f a c t  t h a t  t h e  C2 

a x i s  i s  destroyed when one o f  t h e  c h l o r i d e  l i g a n d s  i s  replaced by an a l k y l  

l igand.  The n5-C5Me4Et groups a re  now inequ iva len t ,  t h e  methyl groups i n  each 

r i n g  a re  unique, and a-protons i n  t h e  E t ,  Np, o r  Np' group a re  d i a s t e r e o t o p i c .  

However, t h e  hydr ide l i g a n d s  i n  Ta2Cpt2C13H2(R) (R = E t ,  Np, N p ' )  a r e  i nequ i -  

v a l e n t  o n l y  a t  low temperatures (JHH * 6 Hz). A t  h ighe r  temperatures they 

i n t e r c o n v e r t ,  b u t  t h e  d i a s t e r e o t o p i c  protons i n  t h e  E t ,  Np, o r  Np' (Np' = 
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CH2SiMeg) group do not. Therefore t h e  process which exchanges t h e  two hydr ide 

l i gands  does not  generate.a plane o f  symnetry which passes through t h e  methy l -  

ene group o f  t h e  E t ,  Np, o r  Np' l igands. Since t h e  two Cp' l i g a n d s  a l s o  do 

n o t  e q u i l i b r a t e ,  t h e  a l k y l  l i g a n d  does no t  move from one metal  center  t o  t h e  

other.  The most Consistent exp lana t ion  i s  t h a t  t h e  mo lecu la r  framework 

remains l a r g e l y  unchanged w h i l e  hydr ides themselves exchange. Note t h a t  a 

p a r t i a l  r o t a t i o n  o f  t h e  two ends o f  t h e  monoalkyl d e r i v a t i v e  s i m i l a r  t o  t h e  

p a r t i a l  r o t a t i o n  i n  the' parent molecule i s  s t i l l  poss ib le  a s  long as t h e  geo- 

metry about t h e  metal a t  each end (not  count ing t h e  hydr ides)  i s  preserved. 

One p o s s i b i l i t y  i s  an i n te rmed ia te  which conta ins te rm ina l  hyd r ide  and b r i d g -  

i n g  c h l o r i d e  l igands.  This  type o f  tautomer i s  a t t r a c t i v e  s ince we w i l l  show 

l a t e r  t h a t  a l though t h e  dimer does n o t  break up i n  s o l u t i o n ,  hydr ides s low ly  

scramble in termolecul  arly. 

An i n t e r e s t i n g  quest ion i s  whether t h e  hyd r ide  l i gands  exchange w i t h  one 

another as a r e s u l t  o f  t h i s  t w i s t i n g  process. Some evidence t h a t  t h i s  i s  t h e  

case i s  t h a t  t h e  a c t i v a t i o n  energy f o r  t h e  hyd r ide  exchange process va r ies  i n  

t h e  order  R = Me < E t  < Np < Np' ( respect ive ly ,not  - observable, 13.8, 14.5, and 

14.9 k c a l  mol-'). A smal ler  R group would a l l o w  t h e  molecule t o  t w i s t  more 

e a s i l y .  However, as we mentioned above, f u l l  r o t a t i o n  about t h e  Ta-Ta bond i s  

u n l i k e l y  f o r  s t e r i c  reasons, cons i s ten t  w i t h  t h e  f a c t  t h a t  t h e  molecule 

remains asymnetric on t h e  t ime  scale o f  t h e  f l u x i o n a l  process. 

Exchange React i ons i n T e t  r a  ch 1 orodi  h y d r i  de D i me r s  

A m i x t u r e  o f  TaCp'C12(propylene) and TaCp"C12(propylene) r e a c t s  w i t h  

hyd rogen  t o  g i v e  a 1 : Z : l  m i x t u r e  o f  [TaCp"C12H22, Ta2Cp'Cp"C14Hp, and 

[TaCp'C12H]2. The hyd r ide  s i g n a l s  f o r  each can be d i s t i n g u i s h e d  a t  25U MHz 

63 
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(F igu re  3a). Note t h a t  t h e  hydr ides should no l onger  be equ iva len t  i n  

TapCp'Cp"C14HZ. Since we see on ly  one s igna l ,  t h e  hydr ides a r e  e i t h e r  exchang- 

i n g  r a p i d l y  on t h e  NMR t i m e  scale, o r  t h e i r  chemical s h i f t s  a r e  e s s e n t i a l l y  

i d e n t i c a l .  We f a v o r  t h e  former explanat ion,  s ince we observed r a p i d  exchange 

o f  i n e q u i v a l e n t  hydr ides i n  Ta2Cp'2C13H2(R) (see above). I n  any case, t h e  

f a c t  t h a t  we can see t h r e e  separate hyd r ide  s i g n a l s  a l lowed us t o  do t h e  

f o l l o w i n g  experiment. A 250 MHz spectrum o f  a m i x t u r e  o f  LTaCp'C12Hj2 (s 3.5 

p a r t s )  and [TaCp"C12H]2 (* 1 p a r t )  i n  C6Db showed two hydr ide s i g n a l s  a t  10.42 

and 10.38 ppm ( t h e  p o s i t i o n s  o f  t h e  hyd r ide  s i g n a l s  i n  each a lone i n  C6D6) i n  

a r a t i o  o f  s 3.5: l  (F igure 3b). The spectrum 

d i d  n o t  change upon warning t h e  sample t o  75' f o r  10 minutes. The r e s u l t s  of  

a s i m i l a r  experiment demonstrated t h a t  < 5% TaZCp'Cp"C14H2 i s  present  a f t e r  

f i v e  hours a t  70°. Therefore, t h e  dimer does n o t  break up i n t o  monaneric 

10 Ta2Cp'Cp"C14H2 was present. 

u n i t s  a t  any s i g n i f i c a n t  r a t e  a t  70-75'. 

Deuter ide canplexes can be prepared by r e a c t i n g  e i t h e r  propy ene or  d i -  

neopentyl complexes w i t h  DE. The deuter ides show a peak i n  t h e i  r I R  spect ra 

a t  1140-1145 un-' i ns tead  o f  IP 1580 cm-l. I n  each case, hor ever, some 

i n t e n s i t y  i s  present a t  s 1580 an-'. The presence o f  Ta2Cp'2C14H2 and 

TaZCp'2C14(H) (D)  can be c o n f i  nned and t h e  absolute and r e l a t i v e  amounts quan- 

t i t a t e d  by 'H NMR s ince t h e  s i g n a l  f o r  t h e  hyd r ide  i n  Ta2Cp'2C14(H)(D) i s  

found 0.06 ppm u p f i e l d  from t h a t  i n  Ta2Cp'2C14H2. The amount o f  Ta2Cp'2C14H2 

and Ta2Cpt2Cl4(H)(D) i s  w e l l  above t h e  amount o f  H2 and HD i m p u r i t i e s  i n  D2 

and a l s o  increases markedly i f  o n l y  1-2 e q u i v a l e n t s  o f  D2 are used t o  form t h e  

deuter ide.  For  example, when one equ iva len t  of D2 was added t o  TaCp'C12- 

(propylene),  t h e  product conta ined IP 0.6 protons pe r  dimer due t o  t h e  presence 

of Ta2Cp'2C14(H)(D) (4-5 p a r t s )  and Ta2Cp'2C14H2 (1 p a r t ) .  Under t h e  best 
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c o n d i t i o n s  ( l a r g e  excess o f  D2) t h e  " d e u t e r i d e "  s t i l l  c o n t a i n s  10-15% 

TapCpt2C14(H)(D) and 1 o r  2% Ta2Cpa2C14H2. No a d d i t i o n a l  Ta2Cpa2C14(H) (D) o r  

Ta2CpI2Cl4H2 forms i n  a g iven sample o f  t h e  "deuter ide".  L a t e r  we w i l l  

propose a reasonable mechanism f o r  forming these hyd r ide  i m p u r i t i e s .  

@ 

The s i t u a t i o n  w i t h  regard t o  deuter ium l a b e l i n g  i s  a c t u a l l y  more compli- 

cated and more i n fo rma t i ve .  I f  one mixes a sample o f  t h e  pu res t  Ta2Cp'2C14D2 

and pure Ta2Cp'2C14H2 one observes a hyd r ide  s igna l  due t o  Ta2Cp'2C14H2 and a 

s i g n a l  due t o  Ta2Cpa2C14(H)(D) i n  a r a t i o  o f  IP 8:l ( P  20% Ta2Cpt2Cl4(H)(D)). 

A f t e r  one hour a t  25' t h e  amount o f  Ta2Cp'2C14(H)(D) i s  P 30%, and a f t e r  30 

minutes a t  45' t h e  amount o f  Ta2CpI2Cl4(H)(D) i s  P 40%. L i t t l e  f u r t h e r  change 

occurs. Since t h e  dimer does n o t  break i n t o  monomeric u n i t s  ( v i d e  supra) H 

and D must scramble i n t e r m o l e c u l a r l y  between d imer i c  u n i t s  (equat ion 3). One 

reasonable way f o r  t h i s  t o  happen i s  f o r  t he  dimers t o  form which conta in  one 

o r  more te rm ina l  hyd r ide  (deu te r ide )  l i g a n d s  (equat ion 4) which can be used t o  

form a te t ramer con ta in ing  a c e n t r a l  TaHDTa u n i t  (equat ion ti). 

0H\ 0 D- ,H\ CI I,H\ ,D. 
Cl2To,---,ToCIH + CI2To,-ToCID - CI2To,-,Ta, Ta-TaCI, ( 5  1 

CI CI' CI D'd,'CI' 
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The above f i n d i n g s  r a i s e  t h e  p o s s i b i l i t y  t h a t  ha l ides  exchange between 

dimers. LTaCp'Br2H]2 can be prepared s t ra ight forward ly  frm TaCp'Br2(propyl- 

ene). I t s  hydr ide  resonance i s  found a t  11.27 ppm. A f t e r  a d d i t i o n  o f  one 

equ iva len t  o f  LTaCp'C12H j2 t o  CTaCp'Br2H]2 f i v e  hydr ide  resonances a re  found 

a t  11.27 (due t o  CTaCp'Br2H12), 11.08, 10.93, 10.68,and 10.42 ppm (due t o  

[TaCp'C12H]2) i n  a r a t i o  o f  a trace:5:18:16:3. We assign t h e  t h r e e  a d d i t i o n a l  

resonances t o  Ta2Cpt2Br3C1H2 (H a t  11.08 ppm), Ta2Cp'2Br2C12H2 (H a t  10.93 

ppm), and Ta2Cp'2BrC13H2 (H a t  10.68 ppm). We might  expect such an exchange 

r e a c t i o n  be t o  i o n i c  were i t  not  f o r  two fac ts .  F i r s t ,  i t  proceeds ve ry  

r a p i d l y  a t  25' i n  benzene. Second, h a l i d e  exchange between Ta and L i  i s  slow. 

( P r i m a r i l y  Ta2Cp'2BrC1 3H2 was present a f t e r  s t i r r i n g  a sample o f  Ta2Cp'2C14H2 

w i t h  excess L i B r  i n  e the r  f o r  two hours a t  25'). This apparent ly  in te rmole-  

c u l a r ,  non- ion ic  h a l i d e  exchange between CTaCp'C12H]2 molecules i s  probably  

r e l a t e d  t o  t h e  H/D exchange descr ibed above. It i s  no t  s u r p r i s i n g  t h a t  

ha l i des  exchange much more r a p i d l y  than hydr ides,  s ince t w o  ha l i des  a re  always 

t e r m i n a l l y  bound, wh i l e  t h e  hydr ides are  i n  t h e  b r i d g i n g  p o s i t i o n s  most o f  t h e  

t ime. 

P r e p a r a t i o n  o f  O t h e r  Tantalum Hydr ide  Complexes 

When t h e  reac t i on  between TaCp'C12Np2 and H2 i s  done on a l a rge  scale,  a 

smal l  y i e l d  o f  an orange-red c r y s t a l l i n e  product  i s  obta ined which i s  l e s s  

so lub le  than  [TaCp'C12H]2. We propose t h a t  i t  i s  Ta2Cp'2C15H formed by i n t e r -  

molecular  h a l i d e l h y d r i d e  o r  h a l i d e / a l  k y l  exchange a t  some in te rmed ia te  stage 

i n  t h e  hydrogenat ion/decmposi t ion react ion.  It can be obta ined i n  b e t t e r  

y i e l d  (* 20%) by reac t i ng  equimolar amounts 

H2 i n  pentane. An at tempt t o  prepare i t  

o f  TaCp'ClgNp and TaCp'C12Np2 w i t h  

by r e a c t i n g  LTaCp'C12HJ2 w i t h  HC1 
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(one equ iva len t )  gave on ly  0.5 equ iva len ts  o f  TaCp'C14 and s t a r t i n g  ma te r ia l .  

The meta l -hydr ide mode must be s h i f t e d  t o  lower energy i n  Ta2Cpb2C15H than i t  

i s  i n  CTaCp'Cl2H-J2 s ince  we cou ld  not  f i n d  i t  i n  a Nu jo l  mu l l  I R  spectrum. I n  

t h e  H NMR spectrum t h e  hydr ide resonance i s  found a t  6.08 ppm. We propose 

t h a t  Ta2Cpb2C15H conta ins a b r i d g i n g  c h l o r i d e  i n  p lace o f  one o f  t h e  b r i d g i n g  

hydr ides i n  [TaCp'C12H)2, al though t h e r e  i s  a t  l e a s t  some p o s s i b i l i t y  t h a t  

Ta2Cpb2C15H has a d i f f e r e n t  bas ic  s t r u c t u r e  than Ta2Cpt2C14H2. 

Ta(n5-C5H5)(CHCMe3)C12 reac ts  r e a d i l y  w i t h  H2 (20 p s i )  i n  one hour i n  

e t h e r  t o  g i v e  a green s o l i d  which i s  i n s o l u b l e  i n  c m o n  solvents.  I t s  I R  

1 

spectrum shows an absorp t ion  a t  162U an". 
14 [TaCpC12H],. 

n a t i o n  sphere must be t o o  crowded when Cp' o r  Cp" l igands  are  present t o  form 

any u n i t s  l a r g e r  than dimers. 

We propose t h a t  t h e  green s o l i d  i s  

I f  so, then t h e  coo rd i -  Since i t  i s  so i n s o l u b l e  x may be >2 . 

Mechanism o f  Formation o f  [Ta(n5-C5Me4R)C12Hj2 

TaCp"C12Np2 reac ts  r e a d i l y  w i t h  hydrogen a t  -30" i n  butane t o  g i ve  an 

orange so lu t i on .  There i s  no f u r t h e r  change a t  -30". A ye l l ow  s o l i d  remains 

a f t e r  removing a l l  t he  v o l a t i l e s  -- i n  vacuo. 

t h a t  t h i s  canpound i s  TaCp"C12(Np)(H) (equat ion  6) .  

t rum shows a peak o f  area one a t  22.87 ppm. Second, i t s  I R  spectrum shows a 

Three pieces o f  evidence suggest 

F i r s t ,  i t s  'H NMR spec- 

T ~ ( I I ~ - C ~ M ~ ~ ) C ~ ~ ( C H ~ C M ~ ~ ) ~  + H2 + Ta(qS-C5Me5)C12(CH2CMe3) (H) (6)  

I 

peak a t  1750 an". i h i r d ,  i t  reac ts  w i t h  ch loroform t o  g i v e  TaCp"C13Np i n  

h igh  y i e l d .  On warming t h e  y e l l o w  s o l u t i o n  of TaCp"C12(Np)(H) t o  25' under H2 

i t  tu rns  green and [ T ~ C P " C ~ ~ H ] ~  can be i s o l a t e d  i n  a y i e l d  comparable t o  t h a t  



14 

obtained i f  t h e  e n t i r e  r e a c t i o n  i s  done a t  25". If a s o l u t i o n  con ta in ing  

TaCpC12(Np)(H) (prepared analogously)  i s  warmed t o  25" i n  t h e  absence o f  H2, 

i t  t u r n s  brown and t h e  dark brown o i l  which remains a f t e r  removing t h e  

1 v o l a t i l e s  con ta ins  no [TaCp'C12H]2 by 

w i t h  H2 t o  g i v e  a moderate y i e l d  (8  5006) o f  [TaCp'C12H22. 

H NMR. However, t h i s  brown o i l  r eac ts  

We have no d i r e c t  evidence f o r  format ion o f  an analogous propy l  hyd r ide  

complex when Ta(nS-C5Me4R)Cl2(propylene) reac ts  w i t h  hydrogen. I n d i  r e c t  e v i -  

dence t h a t  i t  i s  formed c o n s i s t s  o f  t h e  f a c t  t h a t  t h e  r e a c t i o n  o f  TaCp"C12- 

(propylene) w i t h  hydrogen a t  <0" i n  chloroform g ives TaCp"C13(propyl) i n  good 

y i e l d .  We b e l i e v e  TaCp"C12(propyl)(t i )  i s  formed and t rapped by r e a c t i o n  w i t h  

ch lo ro fom.  I n  t h e  absence o f  chloroform TaCp"C12(propyl) (H) probably  loses 

H2 t o  reform TaCp"C12(propylene) (equat ion 7 ) .  We propose t h a t  t h i s  e q u i l  i- 

brium i s  t h e  pr imary reason why 0.6 protons a r e  present p e r  dimer i n  t h e  

"deuter ide"  prepared by adding one e q u i v a l e n t  o f  D2 t o  TaCp'C12(propylene). 

TaCp"C1 2(propy l  ene) + H2 7 > TaCp"C12(propyl) (H) ( 7 )  

An i n t r i g u i n g  r e s u l t ,  and one which might be important i n  e l u c i d a t i n g  t h e  

d e t a i l s  of how hydrogen reac ts  w i t h  do a l k y l  cunplexes, i s  t h a t  TaCp"C12Me2 

reac ts  very s low ly  and r e l u c t a n t l y  w i t h  molecular  hydrogen. A f t e r  12 hours a t  

20°C and 1000 p s i  i n  to luene  t h e  y i e l d  o f  LTaCp"C12H]2 was 8 501; 8 30% of t h e  

TaCp"C12Me2 d i d  no t  react.  The remaining 20% cons is ted  of a product  which 

cou ld  n o t  be i d e n t i f i e d .  Our exper ience has been t h a t  t h e  ease w i t h  which 

molecular  hydrogen reac ts  w i t h  an a l k y l  complex i s  d i r e c t l y  r e l a t e d  t o  t h e  

tendency f o r  t h a t  a l k y l  c m p l e x  t o  decunpose by a - a b s t r a c t i o n  t o  g i v e  

a l k y l i d e n e  complex. For  example, i n  t h e  TaCp"C12R2 s e r i e s  t h e  r a t e  

r e a c t i o n  w i t h  H2 i s  R = CH2CMe3 > CH2SiMej >> Me. Since t h e  i n t r i c a c i e s  

an 

o f  

o f  
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a - a b s t r a c t i o n  a r e  no t  y e t  on f i n n  q u a n t i t a t i v e  ground, we cou ld  o n l y  w i l d l y  

speculate as t o  why t h e  ease w i t h  which hydrogen reac ts  w i t h  a l k y l  complexes 

para1 l e 1  s t h e  ease o f  a-abst r a c t i  on. 

DISCUSSION 

The p repara t i on  o f  metal hydr ide canplexes by a d d i t i o n  o f  H2 t o  a m e t a l -  

a l k y l  canplex has ample precedent . While a d d i t i o n  o f  H2 t o  t h e  metal  i s  a 

reasonable f i r s t  s tep i n  t h e  r e a c t i o n  o f  a d8 metal  a l k y l  w i t h  H2, H2 cannot 

o x i d a t i v e l y  add t o  Ta(V) i n  TaCp'C12Np2. One c o u l d  p o s t u l a t e  t h a t  Ta i s  f i r s t  

reduced t o  Ta(1V) or T a ( I I I ) ,  o r  t h a t  neopentane i s  f i r s t  l o s t  i n  an a-ab- 

s t r a c t i o n  step t o  g i v e  TaCp'C12(CHCMe3). Ne i the r  p o s t u l a t e  i s  necessary, how- 

ever. Since LiC6H5 reac ts  w i t h  H2 a t  25" t o  g i v e  L i H  and benzene16, a do 

metal a l k y l  canplex i n  which t h e  metal i s  s u f f i c i e n t l y  e l e c t r o p o s i t i v e  and t h e  

a l k y l  s u f f i c i e n t l y  a n i o n i c  a l s o  should be able t o  react  d i r e c t l y  w i t h  H2. On 

t h i s  bas is  i t  i s  a t  l e a s t  cons i s ten t  t h a t  a neopentyl l i g a n d  would be more 

n u c l e o p h i l i c  toward H2 than a methyl group. 

15 

It i s  perhaps l e s s  s u r p r i s i n g  t h a t  Ta(o1ef in)  canplexes reac t  w i t h  H2, 

e i t h e r  because t h e  metal i s  T a ( I I I ) ,  o r  ( i f  one i n s i s t s  i t  i s  a c t u a l l y  a Ta(V) 

tanta lacyc lopropane canp lex j  because t h e  small ,  s t r a i n e d  TaC2 r i n g  should be 

suscep t ib le  t o  opening up t o  an a l k y l  hyd r ide  on r e a c t i o n  w i t h  H2. 

It i s  d i f f i c u l t  a t  t h i s  stage t o  say e x a c t l y  how ITaCp'Cl2HI2 forms from 

TaCp 'C1 i! (R ) (H ). We do no t  b e l i e v e  t h a t  i n te rmed ia te  Ta ( n 5  -C5Me4R )C1 (R ) (H ) 

canplexes l ose  RH t o  g i v e  a Ta(n5-C5Me4R)C12 fragment which then  reac ts  w i t h  

H2 t o  g i v e  t h e  complex we o r i g i n a l l y  sought, Ta(s5-C5Me4R)ClZH2. Unimolecular 

r e d u c t i v e  e l i m i n a t i o n  reac t i ons  appear t o  be u n l i k e l y  when t h e  fragment which 

r e s u l t s  i s  incapable o f  independent ex i s tence  . When l i g a n d s  which can 

, 

17 



16 

s t a b i l i z e  t h e  lower o x i d a t i o n  s t a t e  metal  complex a r e  present,  reduc t i ve  

e l i m i n a t i o n  can become favo rab le  once again. Such i s  n o t  t h e  case i n  ou r  

system, however. The two a l t e r n a t i v e s  a r e  t h a t  Ta(n’-C,Me,R)C12(R)(H) reac ts  

d i r e c t l y  w i t h  Hp t o  g i v e  RH and Ta(n’-C5Me4R)C12H2, o r  t h a t  Ta(n5-C5Me4R)- 

C12(R)(H) decomposes b i m o l e c u l a r l y  i n  a complex manner t o  g i v e  one o r  more 

species which reac t  r a p i d l y  w i t h  HZ t o  u l t i m a t e l y  g i v e  t h e  f i n a l  product. 

Al though we cannot exclude one o r  t h e  o the r  a l t e r n a t i v e  a t  t h i s  stage, i t  i s  

p e r h a p s  i m p o r t a n t  t o  n o t e  t w o  t h i n g s .  The f i r s t  i s  t h a t  a l t h o u g h  

Ta(nS-C5Me4R)ClZNp2 reac ts  w i t h  H2 a t  -78“, Ta(n’-C,Me,R)Cl,(R)(H) i s  s t a b l e  

a t  0” under H2. The second i s  t h a t  Ta(n’-C5Me4R)C12(Np)(H) decomposes t o  a 

brown o i l  which reac ts  r e a d i l y  w i t h  H2 t o  g i v e  t h e  f i n a l  product. These 

observat ions suggest t o  us t h a t  a complex b imo lecu la r  decmposi  t i  on r e a c t i o n  

i s  t h e  more l i k e l y  a l t e r n a t i v e .  B imolecular  decomposit ion reac t i ons  i n  

general appear t o  be much more c m o n  i n  o r g a n o t r a n s i t i o n  metal  chemistry t h a n  

o r i g i n a l l y  be l i eved  . 1 7  

The c loses t  analogy i n  t h e  l i t e r a t u r e  t o  t h e  chemistry we descr ibe here 

18 i s  t h e  r e a c t i o n  of Ti(n’-C5H5)2Me2 w i t h  H2 (equat ion 8 )  . LTiCppH]2 i s  a 

sol  i d  

v i o l e t ,  d imagnet ic molecule w i t h  a metal  hyd r ide  peak i n  t h e  IR spectrum a t  

1450 un-l (1050 un” i n  [TiCp2D]2). Although no x - ray  s t r u c t u r a l  data a r e  

a v a i l a b l e ,  a T i - T i  bond must be present because o f  t h e  compound’s dimagnetism 

and t h e  f a c t  t ha t  i t  . r e a c t s  w i t h  some donor l i g a n d s  t o  g i v e  T i ( I I 1 )  species 

(e.g. TiCp2(H)(PPh3)). The I R  da ta  a r e  most compat ib le w i th  a - d o u b l e  v- 

hydr ide  br idge. It was proposed t h a t  i f  t h e  molecule was centrosyrrmetric, 
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then  t h e  rnetal-hydr ide mode a t  1450 un" was analogous t o  t h e  an t i symne t r i c  

meta l -hydr ide s t r e t c h i n g  mode found a t  1600-1SUU cm'l i n  centrosymmetric d i -  

boranes o r  1350 cm-' i n  TiCp2(BH4). It was no t  thought t o  be t h e  symnetr ic 

meta l -hydr ide s t r e t c h i n g  mode analogous t o  t h a t  a t  1942 an'' i n  non-centro- 

63 

syrrmet r i  c T i  Cp,( BH4). 

Another canpound r e l a t e d  t o  [ T ~ ( ~ I ' - C ~ M ~ ~ R ) C ~ ~ H ] ~  i s  Ir2(~s-C5Me5)2C12H2 19 . 
The meta l -hydr ide peak i s  found a t  1162 un" (meta l -deuter ide = 830 crn-l) i n  

t h e  I R  spectrum and a peak f o r  t h e  b r i d g i n g  hydr ides a t  h i g h  f i e l d  i n  t h e  'H 

NMH spectrum. I t s  c r y s t a l  s t r u c t u r e  has n o t  been determined b u t  s t r u c t u r e s  o f  

c l o s e l y  r e l a t e d  Ir2Cpht2C1 and Rh2Cpat2C1 3H21, as  w e l l  as the  perhal  ides,  

M2Cp"2X4 (X = a h a l i d e ) ,  20'22 have been determined. The M2Cp"2C13H species 

have p lana r  c e n t r a l  M(Cl)(H)M cores w i t h  a Cp" group and a c h l o r i d e  l i g a n d  on 

each metal  extending above and below t h i s  plane. The two Cp" groups a re  t r a n s  

t o  one another about t h i s  I r Z C I H  core. The b r i d g i n g  hyd r ide  l i g a n d  p u l l s  t h e  

meta ls  toge the r  t o  form a 3-center,  2 -e lec t ron  bonding system ( I r - - - I r  = 2.903 

i). T h i s  i s  i n  marked c o n t r a s t  t o  t h e  M2Cp",X4 complexes where t h e  M---M 

d is tance  i s  t o o  l a r g e  f o r  a s i g n i f i c a n t  b i n d i n g  i n t e r a c t i o n  ( I r - - - I r  = 3.769 

i). From these s tud ies  one can conclude t h a t  hyd r ide  l i gands  w i l l  b r i d g e  

between monomeric f r a g m e n t s  h a v i n g  l e s s  than  1 8  v a l e n c e  e l e c t r o n s  i n  

preference t o  c h l o r i d e  1 igands. 

There i s  l i t t l e  doubt t h a t  t h e  hyd r ide  l i g a n d s  i n  [ T ~ ( ~ I ' - C ~ M ~ ~ R ) C ~ ~ H ] ~  

a r e  b r idg ing .  It i s  l i k e l y ,  however, due t o  t h e  low symnetry o f  t h e  molecule, 

t h a t  t h e  s i t e  on one metal where a g iven hyd r ide  i s  bonded i s  d i f f e r e n t  than 

t h e  s i t e  on t h e  o the r  metal  t o  which i t  i s  bonded (F ig.  2). Therefore t h e r e  

i s  an i nhe ren t  asymmetry t o  each hyd r ide  b r idge  which may make a b r i d g e  t o  

t e r m i n a l  conversion eas ier .  
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except where otherwi se s p e c i f i e d  were performed under 

d i n i t r o g e n  e i t h e r  by Schlenk techniques o r  i n  a d ry  box. PMe3 was prepared by 

t h e  method o f  Wolfsberger and SchmidbaurP3 w i t h  m o d i f i c a t i o n s  by P. Sharpz4. 

Pub1 ished procedures were used t o  prepare TaCp(CHCMe3)C12 , TaCp"ClZNp2 , and 

TaCp"C12(CH2=CHCH3).9b The p repara t i on  o f  TaCp'C12Np2 was analogous t o  t h a t  

o f  TaCp"C1 2Np2. TaCp"CI2Me2 was prepared by t r e a t i n g  ?aMe2Cl3 w i t h  one 

equ iva len t  o f  LiC5Meg i n  e t h e r  . A1 kylcyclopentadienes were prepared by 

Bercaw's procedure . TlCp was sublimed p r i o r  t o  use. 

8 8 

25 

26 

Pentane, hexane and petroleum e t h e r  were washed w i t h  5% n i t r i c  a c i d  i n  

s u l f u r i c  ac id ,  s to red  over calc ium c h l o r i d e  and d i s t i l l e d  under d i n i t r o g e n  

from n-bu ty l  1 i th ium. Reagent grade d i e t h y l  e the r ,  t e t rahyd ro fu ran  and t o l u -  

ene were d i s t i l l e d  from sodium benzophenone k e t y l  under d i n i t r o g e n .  Reagent 

grade benzene, methylene c h l o r i d e ,  c h l  orofonn and chlorobenzene were d r i e d  by 

r e f l u x i n g  overn ight  w i t h  calc ium hyd r ide  and d i s t i l  led.  Butane was condensed 

i n t o  a f l a s k  a t  -78', f reeze/thaw degassed and d i s t i l l e d  from n-bu ty l  l i t h i u m .  

A l l  deuterated NMR so lvents  were passed through a column o f  a c t i v a t e d  alumina. 

NMR da ta  a r e  l i s t e d  i n  ppm r e l a t i v e  t o  i n t e r n a l  TMS f o r  'H and 1 3 C  and 

r e l a t i v e  t o  ex te rna l  H ~ P O ~  f o r  3 1 ~ .  



19 
5 Preparation of [Ta(q -C5Me5)C12H]2 

A 

TaCp"CI2(propylene) (1.1 g, 2.6 m o l )  was dissolved in 20 ml of pentane. 

The solution was placed i n  a glass bomb and the bomb was flushed and pressur- 

iged with hydrogen (25 psi). 

[TaCp"C12H]2 (0.92 g, 92% yield) was filtered off. 

After stirring the solution for one day, green 

In a similar experiment employing 0.25 g TaCp"C12(propylene) in 5 m l  

pentane the color of the reaction changed from dark purple to orange after 

20 minutes. The solution was cooled to 0" and the gas above the solution 

sampled for propane and propylene; a 30:70 ratio was found by GLC. All 

solvent was removed -- in vacuo and the residue was dissolved in chlorobenzene. 

An H NMR spectrum showed ~ 6 5 %  [TaCpI'Cl 2H]2 , %15% 

and ~ 2 0 %  TaCp"C1 (propyl ene) . I 

- 1 Cp"C12TaCHCHMeCHMeCH2, 

A similar reaction employing TaCp"C12(styrene) gave a 657: yield o f  

[TaCp"C12H]2 after 20 hours at 25" and a 708 yield of a 2:3 mixture o f  

ethylbenzene and styrene. 

A similar reaction employinq 0.39 g TaCp"C12Np2 in 10 ml pentane Gave 

The product was 0.23 g [TaCp"C12H]2 after 1 hour at 25°C under 40 psi H2. 

contaminated with an unidentified impurity (~20%). 

Anal. Calcd for TaCl,,Hl6Cl2: C, 30.95; H ,  4.15. Found: C, 30.86; H, 

4.20. 

lized from chlorobenzene with pentane at -30". 

This  sample had been prepared from TaCp"C12(propylene) and recrystal - 

'H NMR (C6D6): ppm 10.382 (s, 1, Ta-H), 2.039 (s, 15, Cp"). l3C NMP 

(C6D6): 123.0 ( 5 ,  %Me5), 13.4 (Q, C&). I R  (Nujol): cm" 1580 ( m ,  br, 

Ta-H). 

TaCp"C12H). 

MS: m/e 135 (re7 intensity 100, C5He5), 386 (20, TaCp"C12), 387 (60, 

Preparation of [Ta(n 5 -C5Me5)C12D]2 

[TaCp"C12D]2 was prepared by reacting TaCp"C12(propylene) with a large 
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excess o f  D2. Use of a s to i ch iomet r i c  amount o f  D2 r e s u l t s  i n  format ion o f  a 

s i g n i f i c a n t  q u a n t i t y  o f  Ta2Cptt2C14HD and Ta2Cp"2C14H2 (see t e x t ) .  

5 Preparat ion of [Ta(n -C5Me4Et)C12H]2 
- 

[TaCp'Cl2HJ2 was prepared us ing methods analogous t o  those used t o  

prepare [ T ~ C P ' I C ~ ~ H ] ~ .  

(propylene) 4 5 % .  

From TaCp'C12Np2 the y i e l d  was -75%,from TaCp'C12- 

Anal. Calcd fo r  TaC11H18CI2: C, 32.86; H, 4.51. Found: C, 32.97; H, 

4.64. 

'H NMR (C6D6): ppm 10.420 ( 5 ,  1, Ta-H), 2.57 (9, 2, J = 7.7 Hz, C%CH3), 

2.14 (s, 6, r ing-CH3), 2.01 (s, 6, ring-CH3 ), 0.81 (t, 3, J = 7.7 Hz, 

CH2Ctj3).  l 3 c  NMR (CgD6): ppm 123.2 and 121.9 ( t w o  o f  th ree  r i n g  carbon 

atoms), 22.2 (q,  CH2CH3), 15.1 (t, CH2CH3), 13.2 (q, a c c i d e n t a l l y  equ iva len t  

r i n g  methyl groups).  

TaCp ' C1 2), 401 ( 10, TaCp' C1 2H). 

840. 

MS: m/e 149 ( r e l a t i v e  i n t e n s i t y  20, C5Me4Et), 400 (6,  

Mw (benzene, cryosc) : C a l  cd : 804. Found : 

5 Preparat ion of [Ta( -C5Me4Et)Br2HI2 

[TaCp'Br2HJ2 was prepared from TaCp'Br2(propylene) i n  a manner analo- 

gous t o  t h a t  used t o  prepare [ T ~ C P ' C ~ ~ H ] ~ .  

so lu t i ons  are orange. Y ie ld :  83%. 

The product i s  l i g h t  green; i t s  

'H NMR (C6D6): ppm 11.266 (S, I ,  la -H) ,  2.608 (9, 2, J = 7.4 HZ,  C$CH3)' 

2.214 (s ,  6, ring-CH3), 2.102 (5, 6, ring-CH3 ), 0.817 (t, 3, 3 = 7.4 Hz, 

CHzCY3) 

Preparat ion o f  Ta2Cp2' C14H2/Ta2Cp2'C14HD/Ta2Cp2'C14D2 Mix tu re  

A m ix tu re  o f  H p  (10 ml) and D2 (10 m l )  was added by syr inge t o  a sample 
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o f  TaCp'C12(propylene)(0.2 g,  0.45 m o l )  i n  20 m l  o f  pentane i n  a c losed 

vessel. 

was removed -- i n  vacuo. 

+30% Ta2Cp2'C14H2 (H a t  10.43 ppm), 4 0 %  Ta2Cp2'C14HD (H a t  10.38 ppm), and 

~ 3 0 %  Ta2Cp2'C14D2 (by d i f f e r e n c e ) .  

The r e a c t i o n  m ix tu re  was warmed t o  room temperature and t h e  so lvent  

A t  250 MHz by i n t e g r a t i o n  t h e  m i x t u r e  consis ted o f  

Preparat ion o f  Ta2(n 5 -C5Me4Et)2C13H2( CH2CMe3) 

[Cp'TaCl2HI2 (0.89, 1 mnol) was d i sso l ved  i n  50 m l  to luene and an e t h e r  

s o l u t i o n  o f  NpMgCl (0.5 m o l )  was added dropwise over a 10 minute pe r iod .  The 

c o l o r  changed from b r i g h t  green t o  dark grey. 

f i l t e r e d  o f f  and t h e  f i l t r a t e  was concentrated t o  approximately 2 ml i n  vacuo. 

V i o l e t - b l u e  c r y s t a l s  formed i n  t h i s  s o l u t i o n  a t  -30°C. 

by f i l t r a t i o n  and washed w i t h  c o l d  (-30")  pentane; y i e l d  0.67 g (78%). 

A f t e r  0.5 h r  a wh i te  s o l i d  was 

-- 
These were c o l l e c t e d  

Anal. Calcd f o r  Ta2C27H47C13: C, 38.61; H, 5.64. Found: C, 38.80; H, 

5.70. 'H NMR ( to l -d8 ,  250 MHz, 320 K ) :  ppm 10.483 ( s ,  2, MH), 4.71 (d, 1, J = 

14 Hz, C%CHeCMe3), 2.57 (m, 2, ring-C$CH3), 2.48 (m, 2, ring-C%CH3), 2.213 

( s ,  6, ring-CH3), 2.104 (5 ,  6, ring-CH3), 2.122 ( s ,  3, ring-CH3), 2.089 ( s ,  

3, ring-CH3), 2.091 ( 5 ,  3, ring-CH3), 1.995 ( s ,  3, ring-CH3), 1.93 (d, 1 , J = 

14 Hz, CH,&CMe3), 1.260 ( s ,  9 ,  CMe3), 0.91 (m, 6, ring-CH2Cli3). A t  274K t h e  

hyd r ide  doublet  resonances a r e  found a t  10.298 and 10.583 ppm (JHH = 5.9 Hz ) .  

I R  ( i i u j o l ) :  1578 cm" (vMH). 

Preparat ion of Ta2( rl 5 -C5Me5)2C1 3H2( CH2CMe3) 

[TaCp"C12H]2 (1.41 g,  1.8 m o l )  was d isso lved i n  20 m l  o f  to luene and 

1.1 mnol o f  MgNp2 i n  e t h e r  was added. 

-- i n  vacuo and t h e  res idue was e x t r a c t e d  w i t h  pentane. 

t e r e d  and t h e  f i l t r a t e  was concentrated and cooled t o  -30' t o  g i v e  b lue  

c r y s t a l s ;  y i e l d  0.8 g (54%). 

A f te r  30 m t h e  so lvents  were removed 

The e x t r a c t  was f i l -  
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' 'H NMR (csD6, 60 MHZ):  ppm 10.6 (b rs ,  2, MH), 1.87 ( S ,  15, Cp"), 1.75 
I . a  

( s ,  15, Cp"), 1.12 ( s ,  9 ,  CMe3). I R  (Nu jo l ) :  cm" 1580 (M-H). Mol W t  ( c ryo-  

scopic i n  CgH12): Calcd: 812. Found: 800k100. 

Prepara t ion  o f  Ta2( r~ 5 -C5Me4Et)2C13H2(CH2SiMe3) 

Th is  complex was prepared from 0.8 g (1 m o l )  o f  [ T ~ ( I - , ~ - C ~ M ~ ~ E ~ ) C ~ ~ H ] ~  

and 0.14 g (0.5 m o l )  of Mg(CH2SiMe3)2.dioxane i n  30 m l  o f  to luene f o r  30 m 

and i s o l a t e d  as f o r  t h e  neopentyl  d e r i v a t i v e ;  y i e l d  0.53 g (62%). The h igh  
0 

s o l u b i l i t y  o f  t h i s  product  i n  pentane i s  what l i m i t s  i t s  i s o l a t e d  y i e l d .  

'H NMR ( to l -dg ,  243 K): ppm 10.540 (d, 1, J = 6 Hz, MH), 9.480 (d,  1, 

J = 6 Hz, MH ), 4.663 (d, 1, J = 13 Hz, C$HBSiMe3), 1.665 (d, 1, J = 13 Hz, 

CH&SiMe3), 0.356 (s, 9, SiMe3), 2.158, 2.023, 2.008, 1.990, 1.970, 1.890, 

1.846 ( r i n g  methyl  groups), 2.64 - 2.59 (m, 4, ring-C$CH3), 0.85 (m, 6, 

ring-CH2CH3). - I R  ( N u j o l ) :  1590 cm" (vMH). 
8 

Prepara t ion  o f  Ta2( r~ 5 -C5MeqEt)2f13H2Me 

A so lu t ion  o f  [TaCp'C12H]2 (0 .4 g, 0.5 mmol) i n  25 ml toluene was 

cooled t o  0'. 

o f  t h e  s o l u t i o n  remained v i o l e t .  

due was ex t rac ted  w i t h  100 m l  pentane. 

concentrated and cooled t o  g i v e  deep v i o l e t  m ic roc rys ta l s ;  y i e l d  0.265 g (68%). 

A pentane s o l u t i o n  o f  ZnMe2 was added dropwise u n t i l  the  c o l o r  

Solvent  was removed -- i n  vacuo and the  r e s i -  

The pentane s o l u t i o n  was f i l t e r e d ,  

'H NMR (C&, 250 M H ~ ,  295 K): ppm 10.256 (s, 2, MH), 2.69 (m, 2, r i n q -  

C$CH3), 2.417 (m, 2, ring-C%CH3), 2.186, 2.050, 2.038, 2.026, 1:921, 1.899 

(s, ring-CH3), 1.985 (s, 3, TaCH3), 0.894 (t, 3, ring-CH2Cli3), 0.835 (t, 3, 

ring-CH2CH3). - I R  (Nu jo l  m u l l ) :  cm-' 1590 (vMH). 
A 
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A 

5 Preparation of Ta+n -C5Me5)2C13H2( Me 

A solution of [TaCp"C12H]2 (0.3 g, 0.39 mmol) in 20 ml toluene was 

cooled to -78" and ZnMe2 (0.02 g, 0.2 m o l )  was added by syringe. 

tion occurred at -78". The reaction solution was slowly warmed to room 

No reac- 

temperature over a 30 minute period. During this time, the color of the 

solution changed from green to violet and white solid precipitated. An NMR 

spectrum of an aliquot of the solution showed only Ta2Cp'I2Cl3H2Me. 

crystals were obtained from toluene/pentane at -30"; yield 0.1 g (30%). 

Violet 

'H NMR (c6D6 , 60 MHZ): ppm 10.27 (S, 2, MH), 2.20 ( 5 ,  15, Cp"), 2.03 

(s, 15, Cp"), 1.97 (s, 3, Me). 

5 Observation of Ta2( TI -C5Me4Et)2C13H2( CH2CH3) 

To a solution o f  [ T ~ C P ' C ~ ~ H ] ~  (0.05 g, 0.06 mol) in 1 m l  o f  to'uene-dg 

was added 3.2 ~1 (0.03 mmol) of diethylzinc. 

changed immediately from green to violet. 

consistent with that expected for Ta2Cp2'C13H2Et. 

sample had decomposed. 

The color o f  the solution 
1 The H NMR spectrum at -50°C was 

After 0.5 h at 0" the 

'H NMR (tol-dg, 90 MHz, -50°C): 10.395 (brs, 1 ,  MH), 10.297 (brs, 1, MH), 

3.3 (brq, 2, MC%CH3), 2.35 (m, 4, ring-C$CH3), 2.18 and 1.89 (s, ring-Me), 

0.86 (m, 9, MCH2CY3 and ring-CH2Ct13). 

5 Preparation of Ta2(n -C5MeqEt)2C15H 

In a large scale preparation o f  [TaCp'C12H]2 starting with 10.6 g o f  

TaCp'C12Np2 in 100 nil o f  pentane ~1 g of the green product would not dissolve 

in ether. 

~ 2 5  mg of Ta2Cp2'CI5H. 

This brown solid was recrystallized from toluene/pentane to give 

n 
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n 
A mixture of TaCp'C13?4p (0.5 g) and TaCp'C12Np2 (0.5 g )  were disso lved  

i n  75 m l  o f  pentane and the s o l u t i o n  was s t i r r e d  under 45 p s i  of  H2 f o r  1 h 

a t  25°C. The pentane i n s o l u b l e s  (0 .38 g) were shown t o  con ta in  [TaCp'Cl2HI2 

and Ta2Cp2'C15H by H N M R .  R e c r y s t a l l i z a t i o n  from to luene/pentane  gave 

0.13 g o f  less s o l u b l e ,  red-orange Ta2Cp2'C15H (20% y i e l d ) .  

Anal. Calcd f o r  Ta2C22H35C15: C ,  31.50; H ,  4.20. 

1 

Found: C ,  31.16; H ,  

4.44. 

'H NMR (C6D6): ppm 6.08 (s, 1 ,  hydr ide ) ,  2 .6  ( q ,  4 ,  3 = 8 Hz, r i n g -  

C%CH3), 2.2 (s, 12,  ring-CH3), 2.15 ( 5 ,  12,  r ing-CH3),  0.93 ( t ,  6 ,  J = 12 Hz, 

ring-CH2Cti3). 

Prepara t ion  of Ta(n 5 -C,Me,)Cl2(CH2CMe3)(H) 
~ 

Butane ( d i s t i l l e d  from L i  b u t y l )  was condensed onto TaCp"C12Np2 (0.26 g ,  

0.5 m o l )  i n  a 50 m l  f l a s k  and 20 m l  o f  H 2  added by sy r inge  a f t e r  cool ing  t h e  

s o l u t i o n  t o  -78". 

was s t i r r e d .  After one-half  hour a t  -30" the c o l o r  of  the s o l u t i o n  was 

orange. 

which was c h a r a c t e r i z e d  by NMR and IR methods. 

The temperature  was s lowly r a i s e d  t o  -30' a s  the s o l u t i o n  

The s o l v e n t  was removed -- i n  vacuo a t  -30", l eav ing  a yel low s o l i d  

'H  NMR ( toluene-d8,  -30"): ppm 22.87 ( 5 ,  1 ,  Ta-H),  1.779 ( s ,  15, C5Me5), 

1.421 ( 5 ,  9 ,  CMe3), 0.921 (s, 2 ,  C%CMe3). 13C N M R  ( toluene-d8,  -50'): pprn 

~ 1 2 0  ( r i n g  carbon s i g n a l s ) ,  94.7 (t ,  C$CMe3), 35.6 (4, CH2Ck3), 12.4 (q, r i n g -  

CH3 g roups) .  IR (nea t  o i l  on NaCl, 35") :  an'' 1750 ( w ,  b r ,  Ta-H). 

- 
b 

A 
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Q 
5 Reaction of Ta(n -C5Me5)C12(CH2CMe3)(H) with chloroform 

A 0.53 g (1 .O mmol ) sample o f  TaCp"C12Np2 was dissolved in 50 ml of 

pentane containing ~3 ml of chloroform. 

25 ml (1.1 m o l )  H2 was added by syringe. 

25". 

ther. 

from pentane to give 0.35 g (0.71 mol) o f  pure TaCp"C13Np. 

fied by NMR comparison with an authentic sample. 

The reaction was cooled to -78" and 

The reaction was warmed slowly to 

The deep red color lightened to orange at -10" but did not change fur- 

The solvent was removed -- in vacuo and the residue was recrystallized 

It was identi- 

i 

1 

5 Reaction of Ta(n -C5Me5)C12(propylene) with H2 in the presence of chloroform 

A reaction analogous to that above starting with TaCp"C12(propylene) (0.43 g, 

mmol) under excess H2 gave an orange solution from which yellow-orange 

needles of TaCp"C13(propyl) (0.29 g, 0.61 mmol) could be isolated by concen- 

trating and cooling the solution. 

Anal. Calcd for TaC13H22C13: C, 33.53; H, 4.76. Found: C, 33.54; H, 4.58. 

'H NMR (C6D6): ppm 2.551 (Sextet, 2, J = 6.7 HZ, -CH*C%CH3), 1.970 (S, 15, 

C E S ) ,  1.162 (t, 3, J = 6.7 HZ, -CH2CH2CH3), 0.985 (t, 2, J = 6.5 Hz, 

-C$CH2CH3). 13C NMR ( CDC13): ppm ~ 1 2 7  (ring carbons), 90.5 (t, -CH2CH2CH3), 

21.5 (t, -CH2CH2CH3), 15.2 (q, -CH2CH2CH3), 13.14 (4, ring methyl groups). 
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X-Ray Crys ta l l og raph ic  Study of Tay(~'-C~MeqEt)7C13H2(Me) 

Sing le  c r y s t a l s  of Ta2Cp'2C13H2(Me) were sealed under n i t r o g e n  i n  t h i n -  

wa l led  g lass c a p i l l a r i e s .  They a r e  monocl in ic ,  space group PZl/c-CZh (No. 

14)27, w i t h  a = 20.084(6)i, - b = 16.972(4)i, - c = 15.869(4)i, 6 = 96.86(2)", and 

Z = 8 (d imer i c  species) a t  20 + l 0 C .  

5 

I n t e n s i t y  measurements were made on a N i  c o l e t  Pi au tod i f f rac tane te r  us ing  

l.O' wide o scans and graphi te-monochrmated MoKa r a d i a t i o n  f o r  an i r r e g u l a r -  

ly-shaped c r y s t a l  w i t h  minimum and maximum dimensions o f  0.20 and 0.75 mm, 

respec t i ve l y .  Th is  c r y s t a l  was o r ien ted  w i t h  i t s  long  dimension n e a r l y  p a r a l -  

l e l  t o  t h e  ph i  a x i s  o f  t h e  d i f f r a c t m e t e r .  

A t o t a l  o f  12340 independent r e f l e c t i o n s  hav ing  28MoK& < 55.U" ( t h e  

equ iva len t  o f  1.0 l i m i t i n g  CuKG spheres) were measured i n  two concen t r i c  

s h e l l s  o f  i n c r e a s i n g  28. A scanning r a t e  o f  6.0"/min. was employed f o r  t h e  

scan between o s e t t i n g s  a t  0.50" r e s p e c t i v e l y  above and below t h e  ca l cu la ted  

KG doublet  va lue  = 0.71073 A) f o r  those r e f l e c t i o n s  hav ing  3" < 2eMoK; < 
43"; a scanning r a t e  o f  4.0"lmin. was used f o r  those r e f l e c t i o n s  hav ing 4 3 "  < 

< 55.0". Each o f  these 1" scans was  d i v i d e d  i n t o  19 equal ( t i m e )  

i n t e r v a l s  and those 15 cont iguous i n t e r v a l s  which had t h e  h ighes t  s i n g l e  

accumulated count a t  t h e i  r midpo in t  were used t o  c a l c u l a t e  t h e  n e t  i n t e n s i t y  

f rom scanning. Background counts, each l a s t i n g  f o r  one- four th  o f  t h e  t o t a l  

0 

~ ~ M O K ;  

t ime used f o r  t h e  ne t  scan (15/19 o f  t h e  t o t a l  scan t ime) ,  were measured a t  w 

s e t t i n g s  1' above and below t h e  ca l cu la ted  value f o r  each r e f l e c t i o n .  The 

i n t e n s i t y  data were cor rec ted  empi r i c a l l y  f o r  absorp t ion  e f f e c t s  ( I J ~ ~ ~ ~ ( M O K C X - )  

= 8.86 mm") us ing  p s i  scans f o r  4 r e f l e c t i o n s  hav ing 28 values between 7 '  and 

22" and were then reduced t o  r e l a t i v e  squared amplitudes, by means of  

standard Lorentz  and p o l a r i z a t i o n  c o r r e c t i  ons. 



The f o u r  tanta lum atans were l oca ted  by d i r e c t  methods. Cycles o f  i so -  

t r o p i c  un i t -weighted f u l  l - m a t r i x  least-squares ref inement f o r  t h e  s t r u c t u r a l  

parameters o f  t h e  metal atans gave - R1 (unweighted, based on F)29 = 0.182 f o r  

those 4339 r e f l e c t i o n s  hav ing  2eMoK, < 43" and I > 3 u ( I ) .  The remaining non- 

hydrogen atans were l oca ted  from a s e r i e s  o f  d i f f e r e n c e  F o u r i e r  syntheses 

us ing  more canplete s t r u c t u r a l  models. While l o c a t i n g  these remaining non- 

hydrogen atans, i t  was not  poss ib le  t o  d i s t i n g u i s h  between t h e  c h l o r i d e  and 

methyl  l i g a n d s  based on t h e i r  d i f f e r e n c e  F o u r i e r  peak heights .  This, as  w e l l  

as t h e  r e s u l t s  from least-squares ref inement cyc les w i t h  a l l  e i g h t  groups 

t r e a t e d  as fu l l -occupancy c h l o r i n e  atuns, i n d i c a t e d  d i s o r d e r i n g  o f  t h e  methyl  

l i g a n d  among two ( o r  more) s i t e s  pe r  dimer. A f t e r  t h e  s t r u c t u r e  had been 

r e f i n e d  t o  convergence (El = 0.049 f o r  4339 r e f l e c t i o n s )  as Ta2Cp'2C14H2 w i t h  

a n i s o t r o p i c  thermal parameters f o r  a l l  56  nonhydrogen a t a n s ,  t h e  occupancies 

- o f  a l l  e i g h t  " c h l o r i n e "  s i t e s  were al lowed t o  vary. A f t e r  convergence, t w o  o f  

@. 

t h e  " c h l o r i n e "  s i t e s  on each dimer (C1, and C l b  i n  F i g u r e  1 )  had r e f i n e d  

occupancies near 1.011, w h i l e  t h e  o the r  two (C1/Ca and c1/cb i n  F igure 1) had 

re f i ned  occupancies near 0.85. Mixed s c a t t e r i n g  f a c t o r s  (50% C1 and 50% C) 

were then c a l c u l a t e d  and used w i t h  f i x e d  occupancies o f  1.00 f o r  t h e  C l / C  

s i t e s  i n  a l l  subsequent s t r u c t u r e  f a c t o r  c a l c u l a t i o n s .  

Uni t -weighted f u l l - m a t r i x  least-squares ref inement which u t i l i z e d  aniso-  

t r o p i c  thermal parameters 

and li;, (weighted, based 

having 2eMoK; < 43" and 

f o r  a l l  56 nonhydrogen atans converged t o  El = 0.048 

on F)" = 0.052 f o r  4339 independent r e f l e c t i o n s  

I > 3 u ( I ) ;  s i m i l a r  ref inement cyc les w i t h  t h e  more 

canplete (2eMoK; < 55") data s e t  gave Fll = 0.056 and 

absorpt ion-corrected r e f l e c t i o n s  having I > 3 a ( I ) .  These and a l l  subsequent 

s t r u c t u r e  f a c t o r  c a l c u l a t i o n s  employed recent  t a b u l a t i o n s  o f  a t a n i c  form 

= 0.061 for-6542 
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factors28b and anomalous d i s p e r s i o n  correct ionsz8 '  t o  t h e  s c a t t e r i n g  f a c t o r s  

o f  t h e  Ta and C1 atoms. The f i n a l  cycles" of empir ica l ly -weighted3 '  f u l l -  

m a t r i x  least-squares ref inement which u t i l i z e d  a n i s o t r o p i c  thermal parameters 

f o r  a l l  nonhydrogen atoms converged t o  = 0.056 and 5 = 0.070 f o r  6542 

independent r e f l e c t i o n s  hav ing  2eHoK, < 55" and I > 3 u ( I ) .  The f o u r  c r y s t a l -  

l o g r a p h i c a l l y  independent hydr ide atoms d i d  not  appear i n  t h e  f i n a l  d i f f e r e n c e  

Four ier .  

A l l  c a l c u l a t i o n s  were performed on a D a t a  General E c l i p s e  S200 computer 

w i t h  64K o f  1 6 - b i t  words, a f l o a t i n g - p o i n t  processor f o r  32- and 6 4 - b i t  

a r i t h m e t i c  and versions o f  t h e  N i c o l e t  E-XTL i n t e r a c t i v e  c r y s t a l l o g r a p h i c  

software package as mod i f i ed  a t  C r y s t a l y t i c s  Company. 
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Table I. 33 
Atomic Coordinate-s for Nonhydropn Atoms i n  Crystall ine Ta (q5-C Me Et) C1 H 

A t W  b Fractional Coordinates 

2 5 4  2 3 2  

Type X Y 2 

Molecule 1 

-0 . Ob374 (4 
0 . 098 9 3 ( 4 ) 
-0 0839 ( 3 ) 
-0.0637 (& ) 

0*1357( 3) 
0.13&2(&) 

-0 0700 ( 9 ) 
-0.0624 ( 1 0) 
-0.1157( 10) 
-0.1547(9) 
-0.1257( 1 1  ) 

0.1291( 13) 
0.1066( 9) 
0.1526(11) 

0.2049 ( 9 1 
0.1681(10) 

-0.0289( 12) 
-0 01 7 1 ( 1 1 ) 
-0.1329(13) 
-0.2177(11) 
-0.1573( 13) 

-0.0590( 13) 
O.O9bO( 14) 
0.0497( 13) 
0 1 5% ( 1 3 1 
0.2663( 13) 
0.2345( 17) 
0. u O k (  20) 

0.28325( b 
0.27279(1!) 
0.1621( 3) 
0 . 3622 ( 4 ) 
0.358&(3) 
0*3510(4) 
0.3751 (9) 

0.2538( 10) 
0.30ll(ll) 

0.2989( 14) 
0.3757( 1 1  ) 
0.1&72( 10) 
0.1331 (1 1 )  
0.1676( 1 1 )  

0.2035( 1 1 
0.1882(12) 

0.4b8&( 12) 
0.2802( 15) 
0.1701 (14) 
0.2720( 18) 
O.bkLS( I & )  

O.h861(13) 
0.11 35( 13) 

0.1652( 15) 
0.24&2( 16) 
0.21 15( 20) 
0.03!11( 17) 

0*0792(13) 

0.h93km 1 
0 . 52400 ( 4 ) 
0.4328( 4 ) 
0.3693(3) 
0.6359(4) 
O.blb3( 5 )  
0.599&( 1 1  
0.6398 ( 10) 
0.6005( 12) 
0-5370( 13) 
0.5386( 12) 
0.&684( 12) 
0.5491 (12) 
0.6102( 13) 
0.5660( 14) 
O.h790( lk) 
0.6258( 14 ) 
0.7182( 12) 
0.6281 ( 17) 
0.4862( 18) 
O.L894(15) 

0.7073( 16) 
0.3828( 14) 
0.5737(16) 
0.7071 ( 13) 
0.6071 (21 ) 
0.41 26( 20) 
O,361r9(20) 



Atomic Coordinates f o r  Nonhydrogen Atoms in Crystall ine Ta2 (n5-C5Me4Et) 2C13H2 (Me) a 

Atom b Fractional Coordinates 
Type X Y t 

TBa 
TBb 
'la 
cUca 
clb 
cut, 
'a1 

Ca3 

%l 
%2 

%3 
$4 
%5 
'a6 

. %7 
'a8 

'a9 
%lo 
'a1 1 
%6 
%7 
%8 

%9 
%lo 
C b l l  

. 

Molecule 2 

0.08862 ( k ) 
0.06757 ( & ) 
0. I w ( k )  
-0oOrC15(5) 
0.060& ( k  ) 
-0.0671 ( k )  
0,101 1 ( 12) 

0.20il5'( 1 1 ) 

0*0825( 13) 

0.1 7k8 ( 1 0) 

0.1468( 12) 

0.1889( 10) 
0.1788( 12) 

, 0.1102(13) 
0.0818( 13) 
0.1271 (1 1 )  
0 . 0536 ( 16) 
0.22&9( 16) 
0.28k8( 1 & ) 
0.151 7( 18) 
0.01 67( 15) 

O.2602( 12) 

0.0789(15) 

0.1205( 111) 
0.3262( 15) 

0.0791(19) 

0.2326( 13)  

0.01&7( 13) 

- -~ - 

a 
The numbers i n  parentheses are the estimated standard deviat ions i n  the l a s t  
s igni f icant  d i g i t .  

Atoms are label led  i n  agreement with figure. 
b 

Q 



Bond Lengths Involv ing  Nonhydrogen A t o m s  i n  C r y s t a l l i n e  Ta2(~5-C5Me4Et)2C13H2 ( !le ) a  

Length, R b 
Type 

b 
Type Length, 1 

Molecule 1 - Molecule 2 - Kolecule  2 - Molecule 1 - 

2.12( 0 )  T%-Cgb 2.12( -) 2.12(-) C 2*10(-) C Ta -C 
a g a  

Taa* *T% 2 . 8 5 ~ 4  1 ) 2.815( 1)  

a 
The numbers i n  pa ren theses  are t h e  e s t ima ted  s t anda rd  d e v i a t i o n s  i n  $he l a s t  
s i g n i f i c a n t  d i g i t .  

b 
Atoms are l a b e l l e d  i n  agreement wi th  f i g u r e .  

0 
The SYmbOls C and C 

Ra eb refer t o  t h e  c e n t e r s  of g r a v i t y  f o r  t h e  five-membered rings 

@ o f  the a and b 0 5 -C5Ye4Et liqands. - - 



Table  IV. 36 

Bond Angles Involving Nonhydrogen A t o m s  i n  C r y s t a l l i n e  Ta2(r15-C51fe4Et) 2C13H2 ( Me )a 

Angle, deg. b b 
Type Angle, deg. WPe 

C 

T%TaaCg a 

ClaTaaCl/Ca 

C C1 Ta C 

C1/CaTaaCga 
a a g a  c 

'&a1 'a2 

. 'alCa2'a3 
' Ca2Ca3Ca.4 

'a3'dCa5 
c*ca5ca1 

'&?'a1 'a6 
ca5ca1 'a6 
'a1 'a2'a7 

ca3ca2ca7 
'a2'a3'a8 
c*c c a3 a8 
'a3'd 'a9 
'a5'dca9 
ca4ca5ca10 
'81 c&alo 

Molecule I 1 

107*5( 1 ) 
104.0( 2)  

12he7(-) 

97.9(2) 

109 . 8( -) 
109.6(-) 

111(2) 

106( 2) 

109(2) 

10?(2) 

107(2) 

125(2) 

123(2) 
128(2) 

126( 2) 

125( 2)  

125(2) 

125(2) 

12k( 2)  

128(2)  

129( 2)  

107(2) . 

Kolecule - 2 

108.2( 2) 

102.5( 2)  

123*9(-) 

98.5(3) 

110.2( -) 
110.5(-) 

109(2) 

108( 2) 

1 c w 2 )  

109(2) 

106( 2) 

126( 2) 

123(2) 
126( 2)  

126( 2)  
124( 2)  

126( 2 )  

128( 2)  

12&( 2 )  

126( 2)  

127( 2) 

111(2) 

C Ta T%C 
a gb 

C 

CYC, T%C 'gb C 

0 gb 

%1%6'bl 1 

Molecule 1 - 
108.0( 2)  

102.9( 2) 

1 26.3( -) 

96.6( 2) 

110.0( -) 
108 8( -) 

110( 2) 

107(2)  

107(2) 

107( 2) 

109(2) 

12&( 2) 

130(2) 
122( 2) 

129(2) 

123( 2) 
126( 2) 

127( 2) 
122( 2) 

129( 2) 

126( 2) 

W 2 )  . 

Molecule 2 

107.6(1) 

102.3( 2)  

- 

12b.O( -) 

99.8(2) 

109 
110.4(-) 

108( 2)  

110( 2) 

105(2)  
111(2) 

106(2)  

126(2)  

124(2) 

127(2) 

123( 2) 
129( 2) 

125( 2) 
125(2) 
12&( 2) 

127(2) 

127(2) 

1 llr( 2 )  

a 

b 

C 

The numbers i n  pa ren theses  are t h e  es t imated  s tandard  d e v i a t i o n s  i n  t h e  l a s t  
s i g n i f i c a n t  d i g i t .  

A toms  .are l a b e l l e d  i n  agreement wi th  f i g u r e .  

rhe wnbols  C 

o f  the g and 
and C ea gb 

refer t o  t h e  c e n t e r s  of g r a v i t y  fo r  the five-membered r ings  of 

q5-C5?:eqEt ligands. 
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F i g u r e  1. ORTEP Drawings of t h e  two independent molecules o f  

F i g u r e  2. 

[Ta (I-, -C5Me4Et ) C l  2H]2. 

A Schematic Drawing o f  t h e  Proposed S t r u c t u r e  o f  

F i g u r e  3. The 250 MHz NMR Spectrum o f  ( a )  1 : Z : l  m i x t u r e  o f  [TaCp"C12H]2, 

Ta2Cp'Cp"C14Hz, and [TaCp'C12H]2; (b) an approximate ly  3 . 5 1  m i x t u r e  o f  

LTaCp"Cl2Hjp and CTaCp'C12H]2. (So lvent  = C6D6, T = 22"). 



Figure 1 .  
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ABSTRACT 

[TaCp'Cl2HI2 (Cp' = q 5 - C  Me Et) reac ts  w i t h  C O  t o  g i ve  ye l low,  c r y s t a l -  

l i n e  Ta2Cp',C14(H)(CHO), i n  which t h e  formyl fragment and the  hydr ide a r e  

bonded side-on between the  two meta ls .  When PMe3 i s  added the  HC-0 bond i s  

b r o k e n  t o  g i v e  Ta,Cp',Cl,H(O)(CHPMe,). The r e a c t i o n  o f  a m i x t u r e  o f  

[TaCp'Cl2HI2 and [TaCp'Cl2DI2 w i t h  CO fo l lowed by PMe3 t o  g i v e  on ly  a m ix tu re  

of  Ta2Cp I2C1 4H (0  ( CHPMe3) and Ta2Cp I 2 C 1  4D (0  ) ( CDPMe3 suggests t h a t  the  dimer 

does n o t  fragment when i t  reac ts  w i t h  CO. [TaCp'Cl2HI2 reac ts  analogously 

w i t h  i s o n i t r i l e s  t o  g i ve  formirnidoyl complexes, Ta2Cpi2C14(H)(CHNR) (8 = Me, 

CMe3). When Ta2Cpi2Cl4(H)(CH0) i s  t rea ted  w i t h  AlC13 under H2. CH4 i s  formed 

i n  - ca. 80% y i e l d .  When Ta2CpI2Cl4(H)(CHO) i s  hydrolyzed w i t h  aqueous HC1, 

methanol i s  formed q u a n t i t a t i v e l y .  

5 4  
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INTRODUCTION 

There i s  now a l i v e l y  i n t e r e s t  i n  t h e  s e l e c t i v e  reduc t i on  o f  carbon 

monoxide t o  a product con ta in ing  t w o  o r  more carbon atoms.' It i s  thought  

t h a t  such s e l e c t i v i t y  i s  more l i k e l y  w i t h  a homogeneous c a t a l y s t ,  and t h a t  an 
2 oxygenate, r a t h e r  than a hydrocarbon, i s  the  most l i k e l y  reduc t i on  product.  

The bes t  example so f a r  o f  some degree o f  s e l e c t i v i t y  t o  a two carbon product  

i s  the  Rh ca ta lyzed reduc t i on  o f  C O  t o  ethy lene 

Al though there  have been many e legant  s tud ies  o f  the  chemist ry  o f  formyl 
3 

One o f  t he  most impor tant  

canplexes and o ther  l i k e l y  in termediates i n  systems i n  which C O  i s  reduced, 

several  impor tant  quest ions have n o t  been answered. 

i s  whether one metal  center  i s  s u f f i c i e n t  f o r  the  format ion o f  an in te rmed ia te  

formyl  complex which i s  l o n g - l i v e d  and r e a c t i v e  enough t o  be reduced f u r t h e r ,  

o r  whether one o r  more o ther  meta ls  must be present i n  order  t o  s t a b i l i z e  t h e  

formyl l i g a n d  by i n t e r a c t i n g  w i t h  i t s  oxygen atom. (We need n o t  a t  t h i s  p o i n t  

spec i fy  whether the  meta ls  are cons t ra ined i n  a metal  c l u s t e r  o r  s imply reac- 

t i n g  i n  a b imo lecu la r  fash ion. )  Evidence i n  model s tud ies  p o i n t s  t o  t h e  

l a t t e r  as a t  l e a s t  a p o t e n t i a l l y  impor tant  f ea tu re  o f  C O  reduc t ion .4y5  

The most dramat ic example o f  t h e  r o l e  a second metal  m igh t  p l a y  i s  

a d d i t i o n  o f  a z i rconium hydr ide t o  a carbonyl  1 igand bound t o  another metal  t o  

g i v e  " z i  rconoxycarbene" compl exes; e .g. (n5-C5Me5)2Zr( H )[O (H )C=W( q 5  -C5H5)2)]. 5 

The "carbene-type" CHO 1 igand i s  p o t e n t i a l l y  an impor tant  type o f  " s t a b i l i z e d  

fo rmy l "  complex. So f a r  t h i s  i s  t h e  o n l y  example o f  reduc t ion  o f  a carbonyl  

l i g a n d  by a t r a n s i t i o n  metal  hydr ide  complex t o  g i v e  a CHO fragment. Reac- 

t i o n s  between Zr(n5-C5Me5)2H2 and CO may i n v o l v e  s i m i l a r  b u t  as y e t  unobserved 

in termediates.  6 

Recent ly  we prepared a new b inuc lea r  tantalum hydr ide  complex f o r  the  

(Known n i o b i m  snd tanta lum u l t i m a t e  purpose o f  a t tempt ing  t o  reduce C0.7 



hydr ide  complexes s imply  form 

CO. ) We soon d iscovered tha t  

d imer ic  formyl  hydr ide  compl ex 

8 @ 
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hydr ido  carbonyl  complexes i n  t h e  presence o f  

i t  does indeed reduce carbon monoxide t o  g i v e  a 

i n  h igh  y i e l d .  It w i l l  a l so  reduce i s o n i t r i l e s  

t o  g i v e  r e l a t e d  formimidoyl  hydr ide  canplexes. These reduc t ions ,  and r e l a t e d  

chemis t ry  such as the  fo rmat ion  o f  methane and methanol from t h e  formyl hyd- 

r i d e  canplex, are t h e  sub jec ts  we w i l l  d iscuss i n  t h i s  paper. Some o f  these 

r e s u l t s  have been repo r ted  i n  a p r e l i m i n a r y  communication. 9 

RESULTS 

React ion o f  [Ta(q5-C5Me4R)C12H]2 w i t h  CO 

CTaCp'Cl2HI2 (Cp' = v5C5Me4Et) reac ts  w i t h i n  t e n  minutes a t  0°C w i t h  

carbon monoxide (one equ iva len t  o r  excess a t  IT 1 a t m )  t o  g i v e  ye l l ow ,  c r y s t a l -  

1 i ne Ta 2Cp ' 2C1 ( H ) ( CHO ) . Ta 2Cp ' 2C1 ( H ) ( ChO ) i s so l  ub 1 e i n THF , c h l  oroca rbon s , 

and a rana t i c  

i n  pentane. 

were prepared 

hydrocarbons, spa r ing l y  so lub le  i n  d i e t h y l  e ther ,  and i n s o l u b l e  

Ta2Cp' 2C1 4 ( D  ( CDO)  , Ta2Cp' 2 B r 4 ( H  ) ( CHO) and Ta2Cp I2C1 4 ( H )  ( 13CHO)  

s i m i l a r l y .  Ta2Cp"2C14(H)(CHO) (Cp" = n5-C5Cle5) can be prepared 

s t r a i g h t f o r w a r d l y  b u t  s ince  i t  i s  o n l y  s p a r i n g l y  so lub le  i n  aromat ic hydro- 

carbons i t  i s  l e s s  convenient t o  manipulate than Ta2CpI2Cl4(H)(CHO) * 

The I R  spectrum o f  Ta2CpI2Cl4(H)(CHO) has a peak a t  1275 cm-' which 

We ass ign t h i s  peak s h i f t s  t o  920 cm" i n  the  s p e c t r m  of Ta2Cp'2C14(D)(CDO). 

t o  a meta l -hydr ide  mode. 

1 The H NMR spectrum o f  Ta2Cpt2C14(H)(CHO) a t  233K (F igu re  1 )  suggests 

The t w o  s i n g l e t s  a t  - ca. 5.6 and 7.5 ppm t h a t  t h e  molecule has no symmetry. 

can be assigned t o  the  hydr ide  and formyl p ro tons ,  respec t i ve l y ,  based on the  

spectrum o f  Ta2Cp'2C14(H)('3CHO). A t  298K t h e  t w o  peaks i n  t h e  'H NMR spec- 

t rum o f  Ta2Cpi2C14(H)( CHO) are  s p l i t  i n t o  doublets  w i t h  JCH = 20 and 168 Hz, 13 
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respec t i ve l y .  I n  the  13C NMR spectrum of Ta2Cp'2C14(H)(13CH0) a t  298K t h e  

formyl carbon atom resonance i s  found as a broad doub le t  (JCH = 168 Hz) a t  168 

ppm. The 20 Hz coup l ing  t o  the  hydr ide  cou ld  n o t  be reso lved under these 

cond i t ions .  

A compl i c a t i n g  fea tu re  o f  the  'H NMR spectrum i s  i t s  temperature depend- 

ence (F ig .  1 ) .  As the temperature i s  r a i s e d  f rom 233K t o  337K, the  formyl and 

hydr ide  s i g n a l s  broaden, s h i f t  toward one another,  and then sharpen i n t o  doub- 

l e t s  w i t h  JHH = 4 Hz. The resonances due t o  t h e  Cp' l i gands  s h i f t  somewhat 

b u t  the  molecule remains asymmetric. I n  the  1 3 C  NMR spectrum t h e  resonance 

f o r  the  formyl carbon atom s h i f t s  from IP 168 t o  176 ppn and the  coup l i ng  

constant  t o  the formyl p ro ton  drops from IP 175 t o  165 Hz over t h i s  temperature 

range. One cou ld  ascr ibe  t h i s  behavior s imply t o  o rd inary  temperature depend- 

e n t  chemical s h i f t s  i f  t h e  formyl p ro ton  resonance d i d  n o t  co l l apse  t o  t h e  

ex ten t  i t  does. The on ly  exp lanat ion  we f e e l  comfor tab le w i t h  i s  t h a t  one 

s t r u c t u r a l  form predominates a t  l ow  temperatures b u t  a t  h i g h  temperatures 

there  i s  a s i g n i f i c a n t  amount o f  a second species present w i t h  which the  f i r s t  

species i n t e r c o n v e r t s  r a p i d l y .  (Note t h a t  t he  hydr ide  and formyl protons do 

n o t  exchange du r ing  t h i s  process. ) The s t r u c t u r a l  d i f f e r e n c e  between these 

two species may be sl i g h t .  A1 though we cannot speculate what these two s t ruc -  

t u res  m igh t  be a t  t h i s  time, we should p o i n t  o u t  t h a t  the  i nequ iva len t  hydr ide  

1 igands i n  Ta2CpI2Cl3H2(R) complexes exchange over the  same temperature range 

w i thout  des t roy ing  the asymmetry o f  t he  m o l e c ~ l e . ~  The temperature dependent 

process in Ta2CpI2Cl3H2(R) cou ld  i n v o l v e  a r e l a t e d  s t r u c t u r a l  change. A1 so 

note t h a t  i n  the  s t r u c t u r a l l y  r e l a t e d  molecules, Ta2Cpt2Cl4(H) (0)(Me3PCH) and 

Ta2CpI2Cl4(H)(CHNR) (see l a t e r ) ,  coup l ing  between what were t h e  two i n i t i a l  

hydr ide  l i gands  can be resolved, and i t  i s  o f  the  same magnitude as t h a t  found 

i n  Ta2Cp'2C14(H)(CHO) a t  70". 
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C h u r c h i l l  and Wasserman have determined the  s t r u c t u r e  o f  Ta2Cp'2C14H(CHO) 

by s i n g l e  c r y s t a l  x - ray  d i f f r a c t i o n . "  A schematic drawing o f  t he  molecule i s  

show i n  F igure 2. The hydr ide  and formyl fragment b r i dge  between t w o  skewed 
Q 

TaCp'C12 fragments. Nei ther  the  hydr ide  nor  the  formyl proton was loca ted ,  

a l though a ho le  f o r  the b r i d g i n g  hydr ide  i s  present  a t  a p o s i t i o n  t r a n s  t o  the  

Cp' group bound t o  Ta(2) such t h a t  t he  Ta(C)(O)(H)Ta core  o f  t h i s  molecule 

approximates a t r i g o n a l  bipyramid: The formyl p ro ton  must be t e r m i n a l l y  bound 

t o  the  formyl carbon atom, s ince i f  the formyl proton were b r i d g i n g  a Ta-C 

edge o f  the Ta(C)(O)(H)Ta core, JCH would almost c e r t a i n l y  be about h a l f  ( o r  

even l e s s  than h a l f )  what i t  i s  (168 Hz). 3hy11 The Ta---Ta d i s tance  (3.186(1) 

A )  i s  t oo  long f o r  there  t o  be a f u l l  Ta-Ta s i n g l e  bond between the  t w o  meta ls  
0 

7 ( c f .  [TaCp'C12HJ2 1, a l though i t  i s  too  sho r t  t o  propose t h a t  there  i s  no bond 
0 

a t  a l l .  The C-0 bond i s  s i g n i f i c a n t l y  longer  (by  ca. 0.02 A )  than one would 

expect t o  f i n d  i n  a t y p i c a l  a lcohol  o r  e ther .  

A r e l a t e d  hydr ide  complex whose s t r u c t u r e  has n o t  been determined, 

Ta2Cp'2C15(H),7 reac ts  r e l a t i v e l y  s lowly  w i t h  carbon monoxide (30  p s i ,  1 2  h, 

25") t o  g i v e  an orange s o l i d  which i s  much l e s s  so lub le  than Ta2Cp;Cl4(H)(CHO) 

and which cou ld  n o t  be obta ined i n  c r y s t a l l i n e  form. It must be a r e l a t e d  

species, Ta2Cpt2C15(CHO), since its 13C NMR spectrum shows a formyl carbon 

atom resonance a t  169 ppm, and i t s  'H NMR spectrum a formyl proton resonance 

a t  8.2 ppm. 

d e t a i l e d  study o f  the  prepara t ion  and reac t i ons  o f  Ta2Cp'2C15(CHO). 

The poor y i e l d  of  Ta2CpI2Cl5(H) has thus f a r  prevented any 

An a1 k y l  d e r i v a t i v e  o f  t h e  f o r m y l  h y d r i d e  complex,  

Ta2Cp'2C13(H)(CHO)(CH2SiMe3) , can be  p r e p a r e d  i n  poor  y i e l d  (17%)  f rom 

Ta2Cp'2C14(H)(CHO) and t4g(CH2SiMe3)2(dioxane). I t s  NMR spect ra a re  k i m i l a r  t o  

those o f  Ta2Cp'2C14(H)(CHO) (HCO - a t  167.4 ppn, - HCO a t  5.23 ppm, TaH a t  7.26 
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ppm). The methylene protons o f  the  CH2SiMe3 group are  d ias te reo top ic ,  as they 

prepared from Ta2CpI2Cl3H2( CH2S iMe3)  and CO. 

Ta2Cp'2C14(H)(CHO) decanposes r e a d i l y  a t  ca. 80°C i n  s o l u t i o n  t o  a com- 

p lex  m ix tu re  o f  products,  as judged by t h e  1 3 C  NMR spectrum o f  a decomposed 

sample o f  Ta2CpI2Cl4(H)( 13 CHO). A r a p i d  p y r o l y s i s  o f  Ta2Cpt2C14(H)(CHO) 

( l oo " ,  5 minutes) produces one o f  these decomposition products  i n  ca. 25-50% 

y i e l d .  Although i t  has n o t  y e t  been obta ined f r e e  o f  minor  i m p u r i t i e s ,  NFlR 

s tud ies  support  the  proposal t h a t  a methylene group i s  present .  The I3C NMR 

spectrum o f  a sample prepared from Ta2Cp'2C14(H)( CHO) shows a t r i p l e t  1 3 C  

resonance a t  171 ppm w i t h  JCH = 131 Hz. The t w o  methylene protons are  equiva- 

l e n t  and g i ve  r i s e  t o  a resonance i n  the  'H NMR spectrum a t  5.10 ppm (JHC = 

131 Hz). Our working hypothesis i s  t h a t  Ta2Cpt2C14(H)(CHO) decomposes as 

shown i n  equat ion 0. 

13 

\0 /Tacp 'C12 
Ta C p C1 ( H ) ( CHO -> t r a n so i d- C1 C p ' Ta 

The Reaction o f  Ta2Cpt2C14(H)(CHO) w i t h  PMe3 and Proof t h a t  Hydrides do n o t  

Scramble I n t e m o l e c u l a r l y  When [TaCp'Cl2HI2 Reacts w i t h  CO 

Ta2Cpt2C14(H)(CHO) reac ts  with PMe3 i n  30 minutes a t  25°C t o  g i v e  

Ta2Cp ' 2C1 ( H )(O 1 ( CHPMe3 1 quant i  t a t  i vel y. Thi s product  i s so l  ub l  e i n  aroma t i c  

hyd roca rbons  and d i e t h y l  e t h e r ,  and i t  i s  s t a b l e  i n  c h l o r o c a r b o n s .  

Ta 2Cp 2C1 ( D ( 0 ) ( CDPMe 1 and Ta 2Cp I 2 C l  ( H ) ( 0 ) ( CH PMe ) can  be  p repared  1 3  I 

s t r a i g h t f o r w a r d l y  . 
. 
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The s t r u c t u r e  o f  Ta2Cpt2Cl4(H)(0)(CHPMe3), as determined by C h u r c h i l l  and 

Youngs,12 i s  shown schemat ica l ly  i n  F igure 3. Overal l  i t  i s  c l o s e l y  r e l a t e d  

t o  t h a t  of  Ta2Cp'2C14(H)(CHO). The most impor tant  fea tures  a re  t h a t  PMe3 has 

at tacked the  formyl carbon atom and t h a t  the  C-0 bond has been broken. The 

two meta ls  the re fo re  are  p u l l e d  c lose r  together  (Ta----Ta = 2.992(1) A ) ,  c l ose  

enough t o  propose t h a t  a Ta-Ta bond i s  present. The hydr ide  l i g a n d  again 

cou ld  no t  be loca ted  a l though there  i s  an obvious hole between the t w o  meta ls  

where i t  should be. 

0 

The 1 H NMR spectrum o f  Ta2Cp'2C14(H)(0)(CHPMe3) i s  shown i n  F igure  4a. 

The hydr idc  resonance a t  9.84 ppm i s  a double doub le t  due t o  coup l ing  o f  t he  

y l i d e  pro ton  (5 Hz) and t o  phosphorus ( 2  Hz). The y l  i de  pro ton  resonance a t  

1.44 ppm shows a l a r g e r  JHP (13 Hz). The hydr ide  and y l i d e  proton s igna ls  i n  

the  analogous spectrum o f  a product  prepared from an approximate 1:2:1 m ix tu re  

o f  Ta2Cp'2C14H2, Ta2Cpt2C14(H)(D) , and Ta2CpI2Cl4D2, a re  shown i n  F igure  4b. 

The doub le t  due t o  the  y l i d e  pro ton  i n  Ta2Cpt2C14(D)(0)(CHPMe3) i s  c l e a r l y  

observable s l i g h t l y  f u r t h e r  u p f i e l d  o f  t he  double doublet  f o r  t he  y l i d e  pro ton  

i n  Ta2Cp'2C14(H)(0)(CHPt:le3) as a r e s u l t  o f  t h e  normal deuterium iso tope 

e f f e c t .  The hydr ide  s ignal  f o r  t he  m ix tu re  o f  Ta2CpI2Cl4(H) (0)(CDPFle3) and 

Ta2Cp'2C14(H)(0)(CHPMe3) i s  v i r t u a l l y  t h e  same pattern as i n  Figure 4a except 

t he  r i g h t  branch i s  more in tense;  t he  hydr ide  s igna l  i s  n o t  s u i t a b l e  for 

accura te l y  de tec t i ng  the  amount o f  Ta2CpI2Cl4(H)(O)(CDPMe3) i n  the  mix tu re .  

The f a c t  t h a t  we can de tec t  TapCp'2C14(D)(0)(CHPMe3) i n  t he  presence o f  

T ~ , C P ' ~ C ~ , ( H ) ( O ) ( C H P M ~ ~ )  a l lowed us t o  do the  f o l l o w i n g  experiment. A m ix tu re  

o f  equal p a r t s  o f  Ta2CpI2Cl4H2 and Ta2CpI2Cl4D2 was t r e a t e d  f i r s t  w i t h  C O Y  and 

then w i t h  PMe3. (Note t h a t  i t  was necessary t o  mix [TaCptCl2HI2 and 

[TaCp1C12D12 a t  l o w  t e m p e r a t u r e  i n  o r d e r  t o  a v o i d  s low  f o r m a t i o n  o f  
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7 Ta2Cpi2C14(H)(D). The r e c r y s t a l l i z e d  f i n a l  p roduc t  had an 'H NMR spectrum 

i d e n t i c a l  t o  t h a t  shown i n  F i g u r e  4a;  i . e .  no ( e s t i m a t e d  < 10%)  

Ta2Cp'2C14(D)(0)(CHPMe3) was present (equat ion  1 ) .  Th is  r e s u l t  suggests t h a t  

i f  t h e  d imer ic  molecule breaks . i n t o  monomeric fragments when i t  reac ts  w i t h  

C O Y  bo th  hydr ides ( o r  deuter ides)  must remain w i t h  one fragment, and i n  addi-  

t i o n ,  H and D must no t  scramble between monomeric fragments. We consider  t h i s  

p o s s i b i l i t y  u n l i k e l y  w i t h  respect  t o  the  p o s s i b i l i t y  t h a t  t he  molecule does 

n o t  fragment a t  a l l  before a hydr ide t r a n s f e r s  t o  CO. 

- 
- 

The Reaction of  [TaCp'C12HJ2 w i t h  I s o n i t r i l e s  

Add i t i on  o f  one equ iva len t  o f  Me3ChlC o r  bkNC t o  [TaCp'Cl2HI2 produces 

b lue  and red  d imer ic  products,  respec t i ve l y ,  i n  h igh  y i e l d .  They a re  bo th  

so l  ub le i n  aromat ic hydrocarbons, e thers ,  and chlorocarbons. No carbon- 

n i t rogen  s t r e t c h  was observed i n  the  I R  spectrun o f  e i t h e r  product,  and s ince 

we d i d  n o t  prepare the  deuter ides,  we cou ld  n o t  l o c a t e  the  meta l -hydr ide peak. 

Pe r t i nen t  13C and 'H 

I .  Unfor tunate ly ,  t he re  

hy d r i de and I' f o rm i m  i doy 1 'I 

NMR data f o r  these t w o  products a re  1 i s t e d  i n  Table 

i s  no way, s h o r t  o f  13C l a b e l l i n g ,  t o  ass ign the  

proton resonances unambiguously. Since the  hydr ide  

resonance i n  Ta2Cp'2C14(H)(CHO) i s  found downf ie ld  o f  the  resonance f o r  the  

formyl proton, we have t e n t a t i v e l y  assigned the  peak o f  area one' a t  lower 

f i e l d  i n  each case t o  the  hydr ide  l igand.  Other assignments a re  l e s s  l i k e l y  

b u t  c e r t a i n l y  p l a u s i b l e  based on what i s  known about fonnimidoyl  l i gands  i n  
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n the 1 i t e r a t ~ r e . l ~  The formimidoyl  carbon resonances i n  the  1 3 C  NMR spectrum 

are  a t  l e a s t  i n  the  r i g h t  range and they are doublets  w i t h  b e l i e v a b l e  values 

f o r  JCH. 

One cou ld  argue w i t h  some c o n v i c t i o n  t h a t  the  bas ic  s t r u c t u r e  o f  the  t w o  

fonnimidoyl canplexes should be the  same, and s i m i l a r  t o  t h e  s t r u c t u r e  o f  

Ta2Cp'2C14(H)(CHO), even though the re  i s  no c lose  c o r r e l a t i o n  o f  t he  NMR data 

f o r  the  th ree  canpounds. We t h i n k  t h i s  i s ,  i n  f a c t ,  t rue ,  and t h a t  con f igura-  

t i o n a l  isomers o f  these th ree  unsymmetric molecules are  respons ib le  f o r  the  

v a r i a t i o n  i n  the  NMR data, and f o r  the  r a t h e r  d i f f e r e n t  c o l o r s  ( ye l l ow ,  red,  

and b l u e ) .  (Note t h a t  t he  p o s i t i o n s  o f  t he  hydr ide  and formyl p ro ton  and 

carbon resonances changed s i g n i f i c a n t l y  w i t h  temperature (F igu re  11, and we 

ascr ibed t h i s  change t o  the presence o f  r a p i d l y  i n t e r c o n v e r t i n g  isomers.) We 

cannot suggest any o ther  reasons f o r  these d i f f e rences  u n t i l  t he re  i s  more 

reason t o  do so. 

Unl i ke Ta2Cp I 2 C l  4(H ) ( CHO) , bo th  TapCp I2C1 4( H 1 ( CHNMe) and Ta2CpI2C1 4(H ) -  

They are  s t a b l e  t o  a i r  i n  t h e  

Ta2CpIzCl4(H)(CHNMe) i s  unchanged a f t e r  

Nei ther  reac ts  w i t h  PMe3 a t  25°C. 

(CHNCMe3) a re  r e l a t i v e l y  robus t  molecules. 

s o l i d  s t a t e  f o r  a t  l e a s t  one hour. 

heat ing  -- i n  vacuo a t  100°C f o r  24 hours. 

TapCp'zC14(H)(CHNMe) i s  unchanged a f t e r  t w o  days under 1500 p s i  o f  H2. 

The Formation o f  Adducts Between [TaCp'C12HJ2 and Pyr id ine,  PMe3, o r  CO 

[TaCp'Cl2HI2 reac ts  w i t h  p y r i d i n e  t o  form dark green needles o f  a 1:l 

diamagnetic adduct. The 1R spectrum o f  [TaCp'Cl2HJ2(py) shows a meta l -hydr ide 

peak a t  1625 an"; i n  [TaCp'C12D]2(py) the  peak i s  observed a t  1165 cm . I n  

the  NMR spectrum we see o n l y  one hydr ide  resonance a t  0.287 ppm, b u t  i n  the  

- -1 

spectrum o f  [TaCp"ClzHJ2(py) i n  bromobenzene we see t w o  hydr ide  s igna ls  a t  
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0.273 and 0.456 ppm. (The second hydr ide  peak must be obscured by o ther  reso- 

nances i n  the spectrum o f  [TaCp'Cl2HI2(py).) Since the t w o  resonances are so 

c lose  t o  one another we assume the  t w o  i nequ iva len t  hydr ides are  o f  t he  same 

type. They almost c e r t a i n l y  must s t i l l  be b r idg ing ,  b u t  i t  i s  pecul i a r  t h a t  

the  s igna ls  a re  s h i f t e d  t o  such a h igher  f i e l d  than where they a r e  found i n  

the  parent  complex. But  the  most unusual f ea tu re  o f  the  NMR spectrum o f  t he  

p y r i d i n e  adducts i s  t h a t  a l l  f i v e  p y r i d i n e  protons are  d i f f e r e n t .  This 

imp1 i e s  t h a t  the p y r i d i n e  has s l ipped i n t o  a coo rd ina t i on  s i t e  where i t  i s  too 

63 

crowded f o r  r o t a t i o n  o f  the  p y r i d i n e  about the  

p y r i d i n e  adduct reac ts  r e l a t i v e l y  s lowly  w i t h  CO 

[ Ta Cp ' C1 2]2 (H 1 ( CHO 1 . 
The r e a c t i o n  between [TaCp'Cl 2H]2 and PMe3 

pyr id ine-Ta bond ax i s .  The 

(1 a tm,  10 min, 25 " )  t o  g i v e  

i s  s u b s t a n t i a l l y  d i f f e r e n t .  

Add i t ion  o f  one equ iva len t  o f  PFk3 t o  [TaCp'C12Hj2 a t  -78" i n  e t h e r  produces a 

pu rp le  s o l u t i o n .  It would n o t  A t  20" a sh iny  grey-purp le s o l i d  p r e c i p i t a t e d .  

red i sso l ve  i n  e ther ,  b u t  i t  would d i sso l ve  i n  benzene o r  chlorobenzene t o  g i v e  

pu rp le  so lu t i ons .  The pu rp le  adduct i s  unstable;  i t  decomposes t o  a complete- 

l y  i n s o l u b l e  b lack s o l i d  a t  25" i n  benzene i n  one hour. A t  0°C the decomposi- 

t i o n  i s  s low enough t o  determine the molecular  weight o f  [TaCp'Cl2HI2(PMe3) i n  

benzene by cryoscopy; i t  i s  d imer ic ,  as expected. [TaCp'Cl2HI2(PMe3) w i l l  

r e a c t  w i t h  COmuch more s lowly  than [TaCp'Cl2HI2 'does t o  g i v e  a moderate (40%) 

y i e l d  o f  Ta2Cp',Cl4(H)(CHPMe,)(0)- The m o s t  p e c u l i a r  f e a t u r e  o f  

[TaCp'Cl2HI2(PMe3) i s  t h a t  i t  i s  paramagnetic ( V  = 2.5 BM (Evan's method) a t  

0°C). 

I f  a green s o l u t i o n  o f  [TaCp'Cl2Hl2 i s  t r e a t e d  w i t h  excess CO a t  -78" i t  

One equ iva len t  o f  C O  i s  s u f f i c i e n t  a l though s lowly  tu rns  a deep b lue-purp le.  

t he  r a t e  o f  format ion o f  [TaCp'Cl2HJ2(CO) i s  r e l a t i v e l y  s low under these 
n 
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cond i t ions .  Above -60°C the  b lue-purp le s o l u t i o n  tu rns  green and then ye l low.  

Ta2CpI2Cl4(H)(CHO) , the  on ly  observable product,  can be i s o l a t e d  i n  essen- 

t i a l l y  q u a n t i t a t i v e  y i e l d .  

Attempted 'H and 1 3 C  NMR s tud ies  o f  [TaCp'Cl2HI2(CO) were precluded by 

the  f a c t  t h a t  i t  too i s  paramagnetic. A t  -60°C i n  to luene the  magnetic mment  

i s  2.5 BM. These r e s u l t s  suggest t h a t  [TaCp'Cl2HI2(PMe3) and [TaCp'Cl2HI2(CO) 

are  analogs. Unfor tunate ly ,  t h e  i n s t a b i l i t y  o f  [TaCp'C12H]2(CO) prevented 

measuring i t s  molecular  weight.  The green c o l o r  which forms as t h e  blue- 

p u r p l e  c o l o r  o f  [TaCp'Cl2HI2(CO) changes t o  t h e  y e l l o w  c o l o r  o f  

[TaCp'Cl2I2(H)(CHO) i s  most l i k e l y  s imply  due t o  the  b lue  t o  y e l l o w  c o l o r  

change involved,  r a t h e r  than t o  a l o s s  o f  C O  t o  g i ve  green [TaCp'C12H]2 before 

format ion o f  [TaCp'C12J2(H)(CHO). 

The Reaction o f  Ta2CpI2Cl4(H)(CHO) w i t h  Lewis Acids t o  Give Methane 

A1 uninun t r i c h l o r i d e  reac ts  w i t h  Ta2Cp'2C14(H)(CHO) r e a d i l y  t o  g i v e  a 

s i n g l e  product  which r a p i d l y  decomposes t o  a complex m ix tu re  o f  u n i d e n t i f i a b l e  

products.  Nethane i s  produced i n  ~ 3 0 %  y i e l d ,  b u t  no ethy lene o r  ethane. I f  

A 1 C l 3  i s  added t o  TazCp'2C14(H)(CHO) under one atmosphere o f  excess H2 the  

y i e l d  o f  methane r i s e s  t o  ~ 7 0 %  (equat ion  2 ) .  If D2 i s  used t h e  methane 

H2 (1 atm) 
Ta2C p I C1 ( H ) ( CHO ) + A1 C1 > G 0.7 CH4 

cons is t s  of about a 2:3 mix'ture o f  CH4 and CH3D by 1 3 C  NMR; t h e  -s ignal  t o  

no ise r a t i o  was n o t  good enough t o  r u l e  o u t  up t o  15% CH2D2. We propose t h a t  
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A1C13 a t tacks  the  formyl oxygen atom and causes t h e  C-0 bond t o  break. The CH 

fragment i s  then reduced by t h e  hydr ide  i n  t h e  same molecule,  o r  hyd r ide  

l i gands  i n  o the r  molecules.  We cannot r u l e  o u t  t h e  Cp groups as a source o f  

H. However, i t  i s  c l e a r  t h a t  H2 o r  D2, even a t  1 atm, can a l so  he lp  reduce 

t h e  CH fragment a t  sane p o i n t  i n  the  complex decanposi t ion process. 

@ 

Trimethylaluminum a1 so reac ts  w i t h  Ta2Cp'2C14(H)(CHO). I n  t h e  presence 

o f  four  

hydr ide  

3 RZ). 

f i r s t  a 

equ iva len ts  o f  A l k 3  t he  1 H NMR spect run o f  Ta2Cp'2Clq(H)(CHO) shows a 

resonance a t  8.33 ppm and a formyl  p ro ton  resonance a t  6.5 ppm (JHH = 

Two formyl carbon resonances are  observed a t  227 and 214 ppm, t h e  

broad doublet  ( J  = 156 Hz), t he  second a double doublet  ( J  = 153 and 9 
- 

Hz). This product  can be i s o l a t e d  as a pentane so lub le  y e l l o w  o i l  which de- 

composes s lowly  25" t o  g i v e  methane ( n o t  q u a n t i f i e d ) .  I f  l e s s  than 3-4 equi -  

va len ts  of  AlMeg are  added a more complex m i x t u r e  o f  products  i s  generated. 

Almost c e r t a i n l y  t h e  meta ls  are being a l k y l a t e d  step-wise by AlMe3. Since the  

methyl  groups i n i t i a l l y  i n  AlMe3 are l i k e l y  sources of  a t  l e a s t  some o f  t h e  

methane, we d i d  n o t  s tudy t h e  format ion and decomposition o f  t he  AlMe3 produc t  

i n  d e t a i l .  

Ta2CpI2Cl4(H)(CHO) a1 so reac ts  w i t h  BH3*THF t o  y i e l d  a subs tan t i a l  

q u a n t i t y  o f  methane ( n o t  q u a n t i f i e d ) .  Borane ( o r  BH4-) has been used i n  

14 several  instances t o  reduce a carbon monoxide 1 igand, u l  t i m a t e l y  t o  methane. 

I n i t i a l  a t tack  a t  the  formyl oxygen atom i s  again a l i k e l y  f i r s t  step. 

The React ion o f  Ta2CpI2Cl4(H)(CHO) w i t h  HC1 

Methano l  (>80%) i s  p roduced  when excess  aqueous HC1 i s  added t o  

I f  HC1 gas i s  used i n  a p r o t i c  Ta2Cp'2C14(H)(CHO) i n  propanol (equat ion  3 ) .  
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Ta2Cp'2C14(H)(CH0) + HC1 (aq) d 0.80 CH30H 

solvents  no methanol i s  formed. Fl ixtures o f  ye l l ow  t o  orange products a re  

obta ined which show 1 3 C  resonances c h a r a c t e r i s t i c  o f  methoxide groups bound t o  

tanta lum ( I P  60 ppm, JCH IP 145 Hz). These are  most e a s i l y  observed s t a r t i n g  

w i th  Ta2CpI2Cl4(H)( 13 CHO). For example, t he  13C NMR spectrum o f  the  produc t  

o f  the  r e a c t i o n  o f  t w o  equ iva len ts  of  HC1 w i t h  Ta2Cp'2C14(H)( CHO) i n  brcnno- 

benzene showed t w o  methoxide peaks, one a t  66.84 ppm (major ) ,  t he  o ther  a t  

62.85 ppm (minor) .  We be l ieve ,  there fore ,  t h a t  t he  o r i g i n a l  C-0 bond remains 

i n t a c t  b u t  the  Ta-0CH3 bond can o n l y  be cleaved by HC1 i n  the  presence o f  

water o r  a lcohol .  

13 

D I SC USS I O N  

The t w o  most impor tant  fea tures  o f  the r e a c t i o n  o f  CO w i t h  [TaCp'Cl2HI2 

t o  g i v e  T Z ~ C ~ ' ~ C ~ ~ ( H ) ( C H O )  are,  f i r s t ,  t h a t  t h e  d imer ic  hydr ide  complex 

probably  remains i n t a c t  throughout,  and second, t h a t  t he  r e s u l t i n g  formyl 

fragment i s  secure ly  sequestered between the  two metals.  Had we no knowledge 

o f  the nature o f  the  i n i t i a l  CO adduct we would suggest t h a t  C0 f i r s t  adds t o  

one o f  t he  meta ls  and i s  a c t i v a t e d  toward m i g r a t i o n  o f  a hydr ide  t o  i t  when 

i t s  oxygen atom begins t o  bond t o  the o ther  metal (equat ion 4 ) .  

H H 
(4 1 /", - Ta -To 

o=c, 
H 

/,H$ - Ta-Ta 4H3 
\ '  To -Tp 

\ #  
0% 8 0 
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T h i s  proposal i s  appealing i n  one sense since f o r  some time i t  has been 

proposed t h a t  " ~ e m i - b r i d g i n g " ~ ~  o r  "Lewis Acid act ivated" C O  1 i g a n d s 4  should 

be more susceptible t o  reduction by a t r a n s i t i o n  metal hydride. However, i t  

i s  unlikely t h a t  the hydrides remain i n  the b r i d g i n g  posit ions.  The reason i s  

simply t h a t  the CO adduct i s  paramagnetic, a n d  probably a dimer, and t o  our 

knowledge no paramagnetic dimeric molecule which contains a t o t a l  even number 

of e lectrons and one or two b r i d g i n g  hydride ligands i s  known. I n  c o n t r a s t ,  

there a re  some c l a s s i c  examples of paramagnetic even-electron dimers contain- 

i n g  b r i d g i n g  chlorides such as  [Cu2C16] ( r e f .  1 6 ) .  Relevant t o  t h i s  

argument i s  the f a c t  t h a t  i n  a molecule which i s  re la ted  t o  [TaCp'C$HJ2, 

Ir2Cp"2C13H, the I r - I r  distance i s  2.903 L,l7 while i n  Ir2Cp"2C14, the I r - I r  

dis tance (3.769 A )  i s  too large for  any s i g n i f i c a n t  bonding in te rac t ion .  We 

propose t h a t  the hydride ligands i n  the CO ( a n d  PMe3) adduct a r e  terminal,  

t h a t  chlorides bridge the two metals,  a n d  t h a t  C O  i s  bound t o  one metal only 

i n  a terminal fashion. Extensive EPR a n d  FT IR s tud ies  o f  the  "simple" PMe3 

and C O  adducts of [TaCp'C12H]2 are  required i n  order t o  t e s t  this proposal a n d  

solve w h a t  may prove t o  be a crucial  par t  of the puzzle concerning how and why 

the hydride canpl ex reduces C O .  

2 -  

0 

The simplest function o f  the Ta-Ta bond one could propose i s  simply t o  

hold the metals together l o n g  enough t o  complete the sequence which gives 

Ta2Cp'2C14(H)(CHO). A competing reaction should be cleavage o f  the dimer t o  

give Ta(IV) complexes (equation 5), since a compound which i s  re la ted  t o  

[TaCp'Cl2HI2 + 2xCO --+ 2TaCp'C12(H)(CHO), 

n 
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[TaCp'Cl2HI2, [TiCp2H]2, r e a c t s  w i t h  donor molecules such as PPh3 t o  g i v e  

Q monmer ic  T i ( l I 1 )  canplexes, T ~ C P ~ ( H ) ( L ) . ~ '  However, T i ( I I 1 )  should be more 

access ib le  than Ta(1V). It i s  i n t e r e s t i n g  t o  note t h a t  p r e l i m i n a r y  r e s u l t s  

suggest t h a t  [NbCp'Cl2HI2 reac ts  w i t h  C O  t o  g i v e  NbCp'C12(C0)2, b u t  no formyl 

complex analogous t o  Ta2Cpfi2Cl4(H)(CH0). Again the  exp lanat ion  cou ld  be t h a t  

t h e  Nb-Nb bond i s  more suscept ib le  t o  cleavage t o  g i v e  Nb(1V) species than t h e  

Ta-Ta bond t o  g i v e  a Ta( IV)  species.  Whi le the  i n t e r p r e t a t i o n  o f  t he  r o l e  o f  

t h e  Ta-Ta bond as s o l e l y  a l i n k  ho ld ing  the  two meta ls  together  i s  p l a u s i b l e ,  

i t s  r o l e  may be f a r  more sub t le .  For  example, t he  format ion o f  paramagnetic 

centers  i n  the  C O  adduct (see above) may be impor tant  i n  o rder  t o  i nsu re  r a p i d  

hyd r ide  t r a n s f e r  t o  CO a t  a r a t e  which competes w i t h  Ta-Ta bond cleavage. 

One p l a u s i b l e  v a r i a t i o n  o f  the  r e s u l t  we have found here would be forma- 

t i o n  o f  a I ' tantaloxy-carbene" complex (equat ion  6 )  analogous t o  Bercaw' s 

H 
co I 

( 6 )  
/H, 

'H' 
Cp'C12Ta - TaCp'C12 --+ Cp'C12(H)Ta-O-C=TaCp'C12 

z i  rconoxy-carbene" compl exes .5 Thi s seems p l  ausi  b l  e s ince compl exes such a s  II 

TaCp"(CHCNe3)Cl2 20 and TaCp"(CHPh)ClzYz1 a s  w e l l  as Cp2(R)Nb=CHOZr(H)Cp"2, 5 

a re  known. Almost c e r t a i n l y  t h e  reason why the  "open" s t r u c t u r e  shown i n  

equat ion  6 i s  no t  found i s  t h a t  each meta l  i n  such a species would be e l e c t r o n  

d e f i c i e n t  (14 e lec t rons ) .  By ' ' c los ing  up'' t h e  s t r u c t u r e  each metal achieves a 

maximum e l e c t r o n  count. A c losed s t r u c t u r e  f o r  Cp"2(H)ZrO(H)C=WCp2, fo r  exam- 

p l e ,  would be l e s s  l i k e l y  s ince  the  count  about tungsten i s  18 e lec t rons  and 

about z i r c o n i  UTI i s  t h a t  p r e f e r r e d  f o r  b i  scyc lopentadieny l  complexes, 16 e l  ec- 

t rons .  It must be i n  p a r t  t h i s  sequester ing o f  the  formyl l i g a n d  between the 

two meta ls  which s t a b i l i z e s  t h e  formyl complex toward the  back r e a c t i o n ,  bu t ,  
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un fo r tuna te l y ,  probably a l so  t o  a f a c i l e  subsequent r e a c t i o n  w i t h  CO t o  y i e l d  

some species con ta in ing  a C-C bond, o r  w i t h  molecular  hydrogen t o  g i v e  a 

methoxide l i gand .  

Sequester ing the  formyl l i g a n d  does n o t  p revent  what o v e r a l l  cou ld  be 

c a l l e d  an e l e c t r o p h i l i c  o r  n u c l e o p h i l i c  a t t a c k  on i t  by ac ids  and bases. 

There i s  some cons is tency  i n  how Ta2Cp'2C14(H)(CHO) reac ts  w i t h  Lewis ac ids  

and bases. Tr imethy l  phosphine a t tacks  t h e  formyl carbon atom and a1 m i n u n  

c h l o r i d e  a t tacks  the formyl oxygen atom, t h e  C-0 bond being broken i n  each 

case. Aluminum c h l o r i d e  i s  be l i eved  t o  a c t  as an oxygen acceptor i n  a system 

i n  which C O  i s  reduced by hydrogen t o  hydrocarbons us ing an i r i d i u m  ca ta-  

l y s t .  22 The precedent f o r  n u c l e o p h i l i c  a t t a c k  on a formyl  a t o m  i s  f u r t h e r  

reduc t i on  o f  formyl l i g a n d s  by boron hydrides.14 The r e s u l t  shown i n  equat ion 

0 would be cons is ten t  w i t h  a t t a c k  by "hydr ide"  on the  formyl carbon atom. 
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EXPERIMENTAL 

A1 1 opera t ions ,  except where otherwi  se s p e c i f i e d  , were performed under 

d i n i t r o g e n  e i t h e r  by Schlenk techniques o r  i n  a d ry  box. [TaCp'Cl2HI2, 

CTaCp"Cl2HI2, and Ta2CpI2C1 5H were prepared as descr ibed i n  the  1 i t e r a t u r e .  7 

Pentane, hexane and petroleum e the r  were washed w i t h  5% n i t r i c  a c i d  i n  

s u l f u r i c  ac id ,  s to red  over ca lc ium c h l o r i d e  and d i s t i l  l e d  under d i n i t r o g e n  

from n-buty l  1 i t h ium.  Reagent grade d i e t h y l  e the r ,  t e t rahyd ro fu ran  and t o l u -  

ene were d i s t i l  l e d  from sodium benzophenone k e t y l  under d i n i  t rogen.  Reagent 

grade benzene, methylene c h l o r i d e ,  ch lo ro fo rm and chlorobenzene were d r i e d  by 

r e f 1  ux ing ove rn igh t  w i t h  ca lc ium hydr ide  and d i s t i l  l ed .  A l l  deuterated N M R  

solvents  were passed through a column o f  a c t i v a t e d  a lun ina .  

NMR da ta  are l i s t e d  i n  ppm r e l a t i v e  t o  i n t e r n a l  TI.1S f o r  'H and 1 3 C  and 

r e l a t i v e  t o  ex terna l  H ~ P O ~  fo r  3 1 ~ .  

Prepara t ion  o f  Ta2CpI2Cl4(H ) (  CHO) 
-~ -~~~ ~~ 

[TaCp'Cl2HI2 (0.8 9, 1.0 m o l )  was d isso lved i n  150 m l  o f  d i e t h y l  e t h e r  

i n  a 250 m l  round bottom f l a s k .  This  was sealed w i t h  a septun cap and cooled 

t o  -78". Carbon monoxide (25  m l  , 1.1 m o l )  was added by sy r inge  through the  

septum and t h e  r e a c t i o n  m i x t u r e  was s lowly  warmed t o  0" and s t i r r e d .  The 

c o l o r  o f  t he  s o l u t i o n  changed from green t o  orange. A f t e r  t w o  days a t  O", 

ye l l ow  needles (0.65 g ,  78%) were f i l t e r e d  o f f .  The f i l t r a t e  was concentrated 

and cooled t o  -30" t o  g i v e  an a d d i t i o n a l  0 .1 g (12%) as a y e l l o w  powder which 

was pure by 'H NMR. 

Anal. Calcd. f o r  Ta2C23H36C140: C, 33.19; H, 4.36. Found: C,-33.62, H, 

4.40. Mol. W t .  ( c ryoscop ic  i n  benzene): Calcd, 832. Found: 800 k50. I R  

( N u j o l ) :  1265 cm-' (TaH). 13C NNR (d8-toluene, 233K, gated p ro ton  de- 

I 
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coupled) :  ppm 11.3, 12.3, 12.4, 14.5, 15.1 ( a l k y l  c a r b o n s ) ,  168 ( d ,  JCH = 169 

H z ,  C H O ) .  'H NMR ( C 6 D 6 ,  29610: 7.52 ( b r  S, 1, M H ) ,  5.73 (br  S, 1, C H O ) ,  2.71 u 
( m  4 ,  C5CH2CH3) ,  2.23 ( b r  s ,  6,  C 5 C H 3 ) ,  2.16 ( b r  s ,  6 ,  C5Ch3) ,  1 -98  ( b r  5 ,  3, 

C5CH3),  1.96 ( b r  s, 3, C 5 C H 3 ) ,  1.84 ( b r  s, 6 ,  C 5 C H 3 ) ,  0.8 ( m y  6 ,  C5CH2CH3).  
In Ta2Cp'2C14(H)( 13  C H O )  (p repared  s i m i l a r l y  u s i n g  Toepler pump techniques)  t h e  

hydride resonance a t  7.52 ppm i s  a doub le t  (JHC = 20 Hz) and the formyl proton 

resonance a t  6.08 ppm i s  a doublet  (JHC = 166 Hz). 

Prepara t ion  o f  Sa2Cp'2C14D( C D O )  

Ta2Cp'2C14D(CD0) was prepared i n  the same manner from [TaCp'C12D]2 and 

carbon monoxide i n  d i e thy l  e ther .  

IR (Nu jo l ) :  920 cm-l (TaD). 

Ob se rv a t  i on of Ta2 C p ' Br4H ( C HO 

Carbon monoxide (10 m l )  was added t o  an NbIR sample of  [TaCp'Br2HI2 

(approximately 0.5 g)  i n  0.5 m l  C6D6. The c o l o r  immediately changed from 

Prepara t ion  o f  Ta2Cp12C1 5 (  C H O )  

A s o l u t i o n  o f  Ta2Cp'2C15H (0.4 g,  0.48 mol) i n  100 m l  o f  d i e thy l  e t h e r  

was t r e a t e d  w i t h  30 psi C O  f o r  12 hours a t  22". The so lven t  was removed - i n  

vacuo and the r e s idue  was d isso lved  i n  a min imum amount o f  t o luene .  The 

volume was doubled w i t h  pentane and the s o l u t i o n  was cooled t o  -30" t o  give a 

ye l low s o l i d  (0.14 91. Solvent  was again removed from the f i l t r a t e .  The 

@ 
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res idue was d isso lved i n  d i e t h y l  e t h e r  and the  s o l u t i o n  was f i l t e r e d  and 

cooled t o  g i v e  an a d d i t i o n a l  0.1 g o f  ye l l ow  s o l i d ;  t o t a l  y i e l d  0.24 g (58%). 8 
13C{1H) NMR (CDC13, 30°C): ppm 134.4, 131.6, 131.1, 128.1, 128.0, 126.6 

( r i n g  carbons),  20.7, 19.9, 13.9, 12.9, 12.4, 11.8 ( a l k y l  carbons).  'H NMR ( -  

d8-toluene, 29710: ppm 8.22 ( b r  s ,  CHO), 2.77 ( m y  C5C_H2CH3), 2.55 ( m y  

C CH C H - 1 ,  2.36-2.19 ( m y  C5Cl j3 ) ,  0.84 ( m y  C5CH2CH3).  5 - 2  3 

I n  order  t o  observe the  formyl carbon atom i n  t h e  1 3 C  NMK spectrum 

CHO) was prepared from Ta2CpI2Cl5H (0.18 g i n  20 m l  to luene)  and 

The to luene 

13 Ta2CpI2Cl5( 

two equ iva len ts  o f  13C0 b y  heat ing  the  m ix tu re  t o  100" t o  0.5 h r .  

was removed i n  vacuo and the  res idue was ex t rac ted  w i t h  C6D6. 

carbon atom resonance was observd a t  169.0 ppm. 

The formyl -- 

Preparat ion o f  Ta2CpI2C1 3H( CHO) ( CH2SiMej) 
_~ ~~~~ ~- ~ ~ ~ ~ ~ ~ ~ ~ 

A to luene s o l u t i o n  of  Ta2Cp'2C14H(CHO) (0.42 g,  0.5 m o l )  was cooled t o  

-30". Mg(CH2SiMe3)2(dioxane) (0.07 g,  0.25 mmol) was added and the  s o l u t i o n  

as s t i r r e d  f o r  two hours a t  25". The s o l u t i o n  was f i l t e r e d  and the  so l ven t  

was removed i n  vacuo. The res idue was d isso lved i n  e ther .  Pentane was added 

and the  s o l u t i o n  was cooled t o  -30" t o  g i v e  orange c r y s t a l s  (0.159, 17%) .  

-- 

1 3 C { l H ]  NMR (d8- to luene,  35") :  ppm 167.4 (CHO), 120-124 ( r i n g  carbons),  

55.3 (CH2SiMe3), - 22.1-18.7 (C&H2CH3 carbons) , 14.7, 14.1, 12.1-11.1 (C5CH3 

carbons),  3.15 (SiMej). ppm 7.37 ( b r  s, 1, TaH), 5.27 

( b r  s ,  1, CHO), 1.6-3.0 ( m y  C5CH3), 1.4-0.8 ( m y  C5CH2CH3), 0.27 ( s ,  9, SiFie3). 

'H NMR (d8-toluene, -30°C): ppm 7.26 ( b r  s ,  1, TaH), 5.23 ( b r  s ,  1, CHO) ,  

3.43 (d, 1, JHH = 12 Hz, CiaHbSiMe3), 2.69 (my C5Cti2CH3),  2.23, 2.225, 2.14, 

2.13, 1.74, 1.65, 1.60, 1.55 ( s ,  3 each, C5C_H3), 1.93 (d,  1, JHH = 12 Hz, 

'H NMR (c606, 30"): 
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Preparation of Ta2Cp' 2C14 ( H )  ( 0 )  ( CHPMe3) 

PMe3 (0.2 ml , 2.6 m o l )  was added t o  a solution of Ta2CpI2Cl4H(CHO) 

(0.83 9, 1 m o l )  i n  50 ml of benzene. The color changed from orange t o  yellow 

i n  0 . 5  h .  S o l v e n t  was removed under vacuum, l e a v i n g  c r u d e ,  y e l l o w  

Ta2Cp'2C14H(0)(CHPb1e,). Recrystall ization from to1 uene/pentane gave 0.76 g 

(84%)  yellow crys ta l  s i n  two crops.  

Anal. Calcd. f o r  Ta2C26H45C140P: C ,  34.36; H ,  4.99. Found: C ,  34.47; 

H ,  5.10. 'H NMR ( C D C 1 3 ) :  ppm 9.84 ( d d ,  1, JHH = 5 Hz, JHp = 2 Hz, TaH),  2.47 

( m y  1, C5Ct12CH3) ,  2.44 ( m y  1, C5C_H2CH3), 2 .21 ( a ,  2 ,  C 5 C l j 2 C H 3 ) ,  2.15-2.13 (6  

s i n g l e t s ,  24 t o t a l ,  C 5 C H 3 ) ,  1.b9 ( d ,  9 ,  JHp = 1 2  Hz, PMe3), 1.44 ( d d ,  1,  JpH = 

13 Hz, JHH = 5 Hz, CHPMe3), - 1.05 ( t ,  3 ,  C5CH2C_H3),  0.99 ( t ,  3, C5Ch2C_H3). 

31P{1H1 NMR (CHC13): 22.5 ppm (s). 
Ta2CpI2Cl4H(O)( 13 CHPMe3) was prepared s imi la r ly  from Ta2Cp'2C14H(13CHO) 

ppm 94.13 and PMe3 i n  benzene. 

( d d d ,  J c p  = 44 Hz, JCH = 122 Hz, JCH = 10 Hz, - CHPMe3. 

13C NMR (CDC13, gated,  proton decoupled): 

Pyridine (1.48 m o l )  was added t o  an incompletely dissolved sample of 

[TaCp"Cl2HI2 (0.59 9)  i n  50 ml of toluene. The starting material dissolved t o  

give a deep green solution w h i c h  was f i l t e r e d  and concentrated t o  IP 35 ml. 

Pentane (g 15 ml) was added and the reaction was cooled t o  -30". The product 

c r y s t a l l i z e d  as dark green, almost black, c r y s t a l s  (0.6 g,  92%) .  I t  i s  l e s s  

soluble than the s t a r t i n g  material ( i n  the  absence of excess pyridine) i n  

benzene or toluene. Pyridine o f  c r y s t a l l i z a t i o n  can be observed in the NMR 

spectra of most samples. 
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Anal. Calcd. for  Ta2C27H41NC14: C ,  36.71; H ,  4.68; N ,  1.59. Found: 

C ,  37.22; H ,  4.69; N ,  2.00. Calcd.  for Ta2C28H42N1.2C14(1.2py): C ,  37.38; 

H ,  4.70; N, 1.87. ppm 9.61, 8.87, 6.78, 6.76, 6.59 ( m y  1 

each,  py ) ,  2.3, 2.16 ( s ,  inequiva len t  Cp" groups) ,  0.102 (s, 1, Ta-HI. The 

other hydride resonance could not  be found. In bromobenzene both hydride 

resonances c o u l d  be found a t  0.28 and 0.46 ppm. IR (cm-', Nujol) :  1625 

(Ta-H). 

'H N M R  ( C 6 D 6 ) :  
63 

[TaCp'C12H J2(py)  and deutera ted  d e r i v a t i v e s  were prepared s i m i l a r l y .  

'H N M R  (c606):  9.719, 8.938, 6.733, 6.600, 6.382 ( b r ,  1 each ,  p y r i d i n e ) ,  

VTaD = 1165 cm-' i n  [TaCp'C12D12(py). 

2.63 ( m y  Cp-Cl j2CH2) ,  2.445, 2.403, 2.367, 2.341, 2.301, 2.225, 2.110 (s, 

Cp-CH3) ,  0.863 ( m y  Cp-CH2CF3) ,  0.287 ( b r  s ,  1, M H ) .  1625 (s, b r ,  

M H ) .  

IR (Nujo l ) :  

Reaction of  PMe3 w i t h  [TaCp'C12HJ2 

A so lu t ion  of  CTaCp'Cl2HI2 (0.4 g ,  0.5 mnol) i n  30 ml o f  e t h e r  was cooled 

t o  -78°C. A so lu t ion  o f  PMe3 ( 5  m o l )  i n  ether was added by cannula .  The 

c o l o r  of  the so lu t ion  changed from green t o  purple. The co lor  o f  the so lu t ion  

changed f r an  green t o  purple. A shiny grey s o l i d  p rec ip i t a t ed  a s  t he  tempera- 

ture was r a i sed  t o  approximately 20°C. This was c o l l e c t e d  by f i l t r a t i o n ;  

y i e l d  0.32 g (73%). 

Anal. Calcd. f o r  Ta2C14C25H45P: C ,  34.11; H ,  4.92. Found:  C ,  33.29; 

H ,  4.99. Mol. W t .  Calcd.: 880. Found: 803. 

Reaction of  PMe3 w i t h  [TaCp"Cl 2 H 3 2  
_ _  _ _  _ _ _  - 

The [TaCp"C12H]2 (0 .1  9,  0.13 mnol) was d isso lved  i n  toluene and cooled 
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t o  -78". A s o l u t i o n  of PMe3 i n  toluene was added dropwise t o  the s t i r r e d  

solution unt i l  the color  of the solution changed from green t o  purple. 

Pentane was added a n d  the mixture was f i l t e r e d  t o  give a l i g h t  purple powder; 

y i e l d  0.085 g ( 7 7 % ) .  

Reaction of [TaCp'Cl 2H]2(PMe3) w i t h  Carbon Monoxide 

To a solution of [TaCp'Cl2HI2 ( l .@ 9, 1.2 mnol) i n  150 ml of e t h e r ,  was 

added 0.4 ml PFie3. A p u r p l e  s o l u t i o n  r e s u l t e d  a n d  some grey s o l i d  

prec ip i ta ted .  The reaction mixture was pressurized w i t h  C O  (30 p s i ) .  The 

grey sol id  dissolved. After 3 hours, the color  had changed from purple t o  

yellow-brown. The s o l v e n t  was removed i n  vacuo a n d  t h e  r e s i d u e  was 

c rys ta l  1 i zed from to1 uene/pentane (80:ZO). Cubic c rys ta l  s were obtained i n  2 

-- 

crops; y i e l d  0.45 g ( 4 1 % ) .  'H and 31P NMK spectra were ident ical  t o  those o f  

an authentic sample of TapCpl2Cl4(H)(CHPCie3) (0) .  

Reaction of Ta2Cp'2C14H(CHO) w i t h  AlC13 

A1C13 (0.2 9, 1.5 mmol) was added t o  a t o l u e n e  s o l u t i o n  of  

Ta2Cp'2C14H(CHO) 0.83 g ,  1 m o l )  a long  w i t h  20 p l  (0 .11 mmol) o f  nonane a s  an 

internal  standard. Some AlC13 d i d  n o t  dissolve.  The mixture was stored a t  0" 

for  16 hours, then a sample was removed f o r  G L C  analysis .  Kethane ( 0 . 3  m o l )  

was found. 

Reaction of Ta2CpI2Cl4H(CHO) w i t h  AlC13 i n  the Presence of H2 

T ~ ~ C P ' ~ C ~ ~ H ( C H O )  (0 .4  g, 0.48 mnol) and AlC13 (0.08 g ,  0.6 mnol) were 

added t o  a round bottom vacuum f lask .  The flask was evacuated a n d  cooled t o  

-78". Chlorobenzene (20 ml) saturated w i t h  HZ was added t o  the f i r s t  f lask 
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a long w i t h  approx imate ly  2 m o l  o f  H2 gas. The f l a s k  was warmed t o  90"  and 

m a g n e t i c a l l y  s t i r r e d  f o r  3 hours.  The r e a c t i o n  m i x t u r e  was freeze-thaw 

degassed f o u r  t imes and the  gases a long w i t h  6 m l  (0.27 m o l  1 o f  i s o b u t y l e n e  

were t r a n s f e r r e d  t o  a second f l a s k  u s i n g  a Toepler p m p .  By GLC t h e  y i e l d  o f  

methane was 70%. 

@ 

N o  C2H4 o r  C2H6 were found. 

A s l i g h t l y  lower  y i e l d  o f  methane was o b t a i n e d  (60% based on i n t e g r a t i o n  

The versus i n t e r n a l  C2H4) when t h e  amount o f  d ihydrogen was reduced by h a l f .  

r e a c t i o n  was performed as above. 

React ion o f  Ta2Cp'2C14H(13CHO) w i t h  AlC13 i n  D2 
~~~ ~ 

An a l l  g lass  r e a c t i o n  vessel  was c o n s t r u c t e d  which c o n s i s t e d  o f  a 25 m l  

round bottom f l a s k ,  a 5 m l  s o l v e n t  s ide-ann, a 100 m l  gas b u l b  w i t h  stopcock, 

and a t h i c k - w a l l e d  NMR tube on a side-arm. Ta2Cp'2C14H(13CHO) (0.08 g ,  0.1 

m o l )  and excess AlC13 were added t o  t h e  r e a c t i o n  vessel .  To t h e  s o l v e n t  

c o n t a i n e r  was added 0.5 m l  d8-toluene. The gas b u l b  was f i l l e d  w i t h  D2 a t  1 

atmosphere pressure.  The s o l v e n t  i n  t h e  s ide-arm was f rozen and t h e  r e a c t i o n  

vessel  was evacuated. The D2 was admi t ted  t o  t h e  vessel  and s o l v e n t  was 

d i s t i l l e d  over i n t o  t h e  f l a s k .  The m i x t u r e  was s t i r r e d  and heated t o  80". 

The c o l o r  o f  t h e  s o l u t i o n  changed from orange, t o  y e l l o w ,  t o  green. The NMR 

tube was coo led  i n  l i q u i d  n i t r o g e n  and t h e  tube was f lame sealed. A 13C NMR 

spectrum a t  62.8 MHz s h o w d  a s i n g l e t  due t o  13CH4 a t  2.80 ppm and a 1:l: l  

t r i p l e t  a s c r i b e d  t o  13CH3D a t  2.60 ppm. I f  we assume t h a t  t h e  peak areas a r e  

i n d i c a t i v e  o f  t h e  r e l a t i v e  amounts, then i t  i s  a 35:65 m i x t u r e  o f  13CH4 and 

13CH3D, r e s p e c t i v e l y .  No evidence f o r  a q u i n t e t  esl i g h t l y  f u r t h e r  u p f i e l d  

ass ignab le  t o  13CH2D2 c o u l d  be found b u t  poor s i g n a l  t o  n o i s e  prevented our  

be ing  c e r t a i n  none was produced. 
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Reaction o f  Ta2Cpi2C14H(CHO) w i t h  Aqueous H C 1  

Ta2Cpt2C14H(CHO) (0.09 g ,  0.108 m o l )  was added t o  a v i a l  along w i t h  0.2 

m l  of pentanediol .  The so lu t ion  was cooled t o  0" .  Aqueous HC1 (12N, 60 ~1 , 

0.72 mol) a n d  ethanol (6 .2  p l ,  0.106 mmol) were added .  The so lu t ion  was 

slowly warmed t o  25". Methanol was measured by GLC on Carbowax 20M u s i n g  

ethanol a s  the in t e rna l  s tandard (0.088 mmol , 82%). 

Q 

I n  a s e p a r a t e  e x p e r i m e n t  Ta2Cpi2C14H(CHO) ( 0 . 0 8 3  0, 0 . 1  vmol)  i n  

n-propanol was t r e a t e d  w i t h  0.5 ml 12N HCl(aq) (6 m o l ) .  Af te r  0 .5  hour a 1 

pl sample was withdrawn f o r  GLC a n a l y s i s .  Methanol (4 .1  cll , 0.1 mol) was 

added t o  the r eac t ion  mixture and another  1 p l  sample was withdrawn f o r  G L C  

a n a l y s i s .  Comparison of peak a reas  ind ica ted  a 79% y i e l d  of methanol. 

Reaction of Ta2Cpi2C14H(CHO) with Anhydrous H C 1  

A so lu t ion  of T a 2 C p t 2 C 1 4 H ( C H O )  (0.42 g ,  0.5 mnol) i n  100 ml toluene was 

cooled t o  -78". HC1 (25  m l ,  1.1 mnol) was added t o  the f l a s k  by sy r inge .  The 

r eac t ion  was slowly warmed t o  22" w i t h  s t i r r i n g .  The co lo r  changed from 

orange-red t o  red and, a f t e r  several  hours a t  room temperature ,  t o  orange. 

The volume was reduced t o  approximately 80 m l  under vacuum. The so lu t ion  was 

t r a n s f e r r e d  t o  another  f l a s k  by cannula .  Pentane (100 m l )  was added .  The 

so lu t ion  was cooled t o  0" f o r  1 2  hours. The r eac t ion  mixture wes f i l t e r e d  and 

the so lvent  was removed from the f i l t r a t e  i n  V B C U O .  An orange s o l i d  formed a s  

the so lu t ion  was concent ra ted ;  y i e l d  0.3 g.  

-- 

'H N M R  (c6D6): ppm 4.381 ( S ,  OCH3), 2.68 ( m y  CSC_H2CH3), 2.338, 2.234, 

2.213, 2.136, 2.098 (s, C5CH3), 0.763 ( t ,  C5CH2C%). 13Ct1Hl NMR (C;D6):  ppm 

133.7, 131.3, 130.1, 128.6, 128.3 ( r i n g  carbons)  , 21.2, 20.4 (C5C_h2CH3 

carbons)  , 15.2 (C5CH2Cl-13 c a rbons ) ,  13.0, 12 .7 ,  12.5, 12.0 ( C 5 C 3  ca rbons ) .  

I 
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The 13C N M R  spectrum o f  a sample o f  Ta2Cp'2C14H(13CHO) i n  bromobenzene t o  

which two  e q u i v a l e n t s  o f  HC1 had been added showed ( b e s i d e s  a peak due t o  some 

unreacted s t a r t i n g  m a t e r i a l )  a methoxide carbon peak a t  66.84 ppm (JCH = 146 

Hz, major product)  and another  a t  62.85 ppm (JcH = 146 Hz, minor p roduc t ) .  

I f  on ly  one equ iva len t  o f  HC1 i s  used, h a l f  the s t a r t i n g  mater ia l  

remains.  

Reaction of  Ta2Cp'2C14H(CHO) w i t h  AlMe3 

A1Me3 ( 0 . 1 4  g ,  2 mmol) was added  t o  a t o l u e n e  s o l u t i o n  o f  

The c o l o r  changed from red  t o  Ta2Cp'2C14H(CHO) (0.42 g ,  0.5 mol) a t  -30". 

c l e a r  yel low.  Solvent  was removed i n  vacuo a n d  the yel low o i l  was d i sso lved  -- 
1 i n  CgDg. 

formyl proton resonance a t  6 .6  ppm ( d ,  J = 4 Hz)  . 
An H NMR spectrum showed a hydride resonance a t  8 . 3  ppn and a 

In a s e p a r a t e  experiment excess AlMe3 was added t o  a s o l u t i o n  o f  

The 13c N M R  spectrum showed formyl carbon reso-  13  Ta2Cp'2C14H( C H O )  i n  CgDg. 

nances a t  227.47 ppv ( d ,  J = 156 Hz) and 214.36 ppm ( d d ,  J = 152.6,  9 .1  Hz). 
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TABLE I .  NMR Data for TaCp12C14(H)(CHNR') Complexes 

Cp ' 2Ta2C1 (H  ) ( CH NCMe3 ) Cp I 2Ta2C1 (H ) ( CH NMe) 

1~ N M R ~  

MHb 
C H N ~  

8.91, d ,  J = 4.4 Hz 6.16, d ,  J = 2.2 Hz 

6.94, d ,  J = 4.4 Hz 3.35, d ,  J = 2.2 Hz 

R '  1.38, s 3.97, s 

C HN 211.1, d ,  J = 152 Hz 178.4, d ,  J = 165 Hz 

R '  69.78, s 46.14, q, J = 139 Hz 

32.84, q, J = 127 Hz 

a 250 MHZ, CgD6, 295K 

Assignments t e n t a t i v e  (see t e x t )  

22.5 MHz, CDC13, 305K 
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FIGURE CAPTIONS 
/\ 

F igu re  1. The v a r i a b l e  t e m p e r a t u r e  'H NMR spec t rum o f  Ta2( n5-C5Me4Et )2-  

C14(H)(CHO) i n  to luene-dg ( * )  a t  250 MHz (except  T = 33710. 

F igu re  2. A schematic drawing o f  the  s t r u c t u r e  o f  Ta2(n5-C5Me4Et)2C14(H)(CHO). 

Figure  3. A schemat ic  d r a w i n g  o f  t h e  s t r u c t u r e  o f  Ta2(n5-C5Ne4Et)2-  

C1 4(H ) ( O  ) ( CHPMe3). 

F i g u r e  4. The hydr ide  and y l i d e  pro ton  s i g n a l s  i n  the 250 MHz NMR spectrum o f  

( a )  Ta2(ns-C5Me4Et)2C14(H) (0)(CHPNe3). 

( b )  Ta2(n5-C5Me,Et)2C14(R)(0)(CR'P~le3) ( R ,  R '  = H o r  D ) .  
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