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Timothy Richard Ryan 

Under the supervision of Robert E. McCarley 
From the Department of Chemistry 

Iowa State  University 

The cyclo-addi tion of two M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~ ( C H ~ ~ H ) ~  molecules has 

produced a new type of tetrameric molybdenum cluster .  Mo4ClgL4. 

Structural characterization . of . t h i s  dimer revealed weak molybdenum- 

methanol bonding which was consistent w i t h  the observed reac t iv i ty  of 

the compound. New synthetic methods were devised for  the preparation of 

Mo4X8L4 clusters  where X = C1, Br, I and L = PR3, P I 3 ,  RCN,  CH30H. 

A scheme f o r  the metal-metal bonding i n  these clusters  was presented 

which was in agreement w i t h  the knnwn s t ructural  features  of 

M O ~ C ~ ~ ( P R ~ ) ~ ,  R = C 2 H y  n-C4Hg. 

The preparation of the analogous W4C18(PR3)4 c lus te r  from WC14 was 

accompl ished by appl ication of techniques used in the molybdenum 

syntheses. The single crystal x-ray s t ructure revealed s l i g h t  

,differences from the molybdenum ana'log which were rational ized in terms 

of the known behavior in dimeric tungsten and molybdenum species. 

'DOE Report IS-T-952. This work was performed under contract 
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The attempted preparation of a tetrameric tungsten c lus te r  from 

W2(mhp)4 was unsuccessful (mhp = anion of 2-methyl-6-hydroxypyridine). 

Instead, the new tungsten dimer, ~ ~ ~ l ~ ( m h ~ ) ~ ,  was isolated which 

possessed a metal-metal bond order of 3.5. The x-ray crystal  s t ructure 

of the dimer revealed that  the chlorine atoms were s i tuated - c i s ,  one 

bound to .  each tungsten. Cycl i c vol tammetry showed tha t  the ' compound 

could be reversibly reduced; presumably to  a wZ4+ dimer containing 

quadruple metal -metal bond. 
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1 

GENERAL INTRODUCTION 

An important aspect of the chemistry, of the t ransi t ion metals l i e s  

in the i r  a b i l i t y  to  form mo'leculir coriplexes in which there ex i s t  

strong metal-metal.interactions. These so-called c lus te r  compounds were 

not thoroughly, studied u n t i  1  about 1960. (1 ) . One major reason f o r  the 

recent intense in t e res t  i n  these compounds was the expectation tha t  

metall ic c lus te r  complexes might function as homogeneous catalysts  or  

serve as models fo r  processes taking place on heterogeneous catalysts  

(2-6). Indeed, several c luster  compounds have been found to be 

catalyt ical  ly  act ive (2, 3,  7-15). 

Yet, the study of c lus te rs  has been hindered by the f a c t  t ha t  most 

c luster  compounds known today were discovered by chance (1 6 ,  ,17).  There 

i s  a  need for  the development of synthetic methods which will produce 

homologous ser ies  of c lus te r  complexes which .can then be studied f o r  

trends in such areas as bonding, reac t iv i ty ,  and physical properties. 

Eventually, one might.hope to  synthesize a  par t icular  c lus te r  to  f u l f i l l  

a  par t icular  need. Work on rational syntheses of c lus te rs  has, already 

had some success (16, 18-21) and was a  major goal of t h i s  thesis  

research. 

The clustering of metal atoms into molecules containing strong 

metal-metal bonds i s  principally due to  the e f f i c i en t  interaction of the 

par t ia l ly  f i l l e d  d o rb i t a l s  of the metal atoms (1) .  The requirement 

tha t  d  orb i ta l s  must have suf f ic ien t  radial extension t o  give good over- 

lap generally l imits  the metal atoms to l'ow formal oxidation s t a t e s  and 

explains the greater tendency of second and third row transi t ion 



elements t o  engage in metal-metal bonding. The early t ransi t ion metals 

in low oxidation s ta tes  are  particularly versa t i le  i n  forming strongly 

bonded cluster  compounds of high nucleari ty.  

Molybdenum, for  example, forms a complete ser ies '  of discrete  

molecular clusters  containing 2 to  6 metal atoms which can be visualized 

as originating from the hexanuclear c lu i te rs  of the type M O ~ C ~ , ~ ~ +  (22). 

This c lus ter  consists of an octahedron of strongly bonded metal atoms 

capped on each face by a t r i p l y  bridging halide ion. Removal of one 

molybdenum atom leaves a square pyramid of metal atoms of the type 

found in Mo5CII3 2- (,23). Removal of two adjacent molybdenum atoms leaves 

a distorted tetrahedron of the type found for  Mo4II1 2' (24) .  . . The loss 

of two apical ( t rans)  metal atoms resul t s  i n  a planar molybdenum cluster  

not unlike M O ~ C ~ ~ ( P R ~ ) ~  (25). There is  a1 so some prel iminary evidence 

(26) for  the' formation of a metal-metal bonded zig-zag chain of four 

molybdenum atoms. Removal of three adjacent metal atoms from the octa- 

hedron. produces a triangular c lus ter  of molybdenum as i s  present i n  

compounds 1 i ke ~ 0 ~ 0 4  ( ~ 2 0 4 ) ~  ( H ~ o ) ~ - ~ .  There are  numerous examp1 ~3 of 

th i s  type of triganal cl uster (27-30), i,ncl uding organometall i c  trimers 

.(31, 32), The loss of four atoms from an octahedron produces dimers of 

molybdenum. These can roughly be separated into two types: those w i t h  

single or double bonds between metal atoms (33, 34) and those with 

strong t r i p l e  and quadruple bonds (35-37). Usually, i t  i s  the l a t t e r  

type which more closely resembles the higher members. of the ser ies  

because of the s imilar i ty  of oxidation s t a t e s  (+2 t o  +4) and 1 igands 

(ha1 ides , a1 koxi des , ami des ) . 



The ex is tence of t h i s  s e r i e s  suggests t h a t  s i m i l a r '  se r ies  may e x i s t  

f o r  o the r  elements of t he  t r a n s i t i o n  metals, e s p e c i a l l y  s ince  octahedral  

c l u s t e r s  a re  known f o r  many t r a n s i t i o n  metals. It a l s o  suggests t h a t  

i t  may be poss ib le  t o  b u i l d  h igher  c l u s t e r s  f rom fragments which are  

r e a d i l y  a t t a i n a b l e .  Such step-wise syntheses would a l so  prov ide  a  

means t o  prepare mixed metal c l u s t e r s .  Dimers of Mo, W, Re, and Te 

'possessing metal-metal bond orders o f  3 '  t o  4 seem t o  be 1  i k e l y  candi-  

dates f o r  these c l u s t e r - b u i l d i n g  reac t i ons  i n  view o f . t h e i r  e l e c t r o n i c  

and s t r u c t u r a l  con f igu ra t i ons .  

The quadruply bonded dimers t y p i c a l l y  c o n s i s t  o f  two metal atoms 

each s i t u a t e d  roughly a t  t he  center  of a  square plane o f  l igands.  A 

rep resen ta t i ve  example i s  ~ o ~ ~ l g 4 -  which i s  shown i n  F igure  1. The. 

i n d i v i d u a l  d o r b i t a l s  on each metal combine i n  a  molecular  o r b i t a l  

scheme t o  g i v e  f o u r  metal-metal bonding o r b i t a l s  ( l a ,   IT, 16) and f o u r  

anti 'bondlng orb4 t a l  s (16*, ZIT*, l o * )  (38.).  The f o u r  bonding o r b i  t a1  s  

a r e  f i l l e d  i n  a  quadruply bonded dimer, t he  HOMO and LUMO being 6  and 

6*, respec t i ve l y .  T r i p l y  bonded dimers can be obta ined by a d d i t i o n  o f  

e lec t rons  t o  ' the 6* o r b i t a l ,  as i n  compounds o f  Re(I1)  and T c ( I 1 )  (37), 

o r  removal o f  e lec t rons  from t h e  6  o r b i t a l  as found i n  the  dimers M2X6 

(M = Mo, W; X = -OR, -NR2, -R), which have an e thane- l i ke  s t r u c t u r e  (35, 

36). Because the  metal atoms i n  these molecules a re  i n  low o x i d a t i o n  

s ta tes  and a re  e l e c t r o n i c a l l y  and c o o r d i n a t i v e l y  unsaturated, these 

dimers might  be expected t o  be h i g h l y  reac t i ve .  I t  i s  t h i s  p o t e n t i a l  

r e a c t i v i t y  which has caused, i n  pa r t ,  t h e  i n t e r e s t  i n  t h e  dimers as 

poss ib le  c a t a l y s t s  'or precursors t o  h igher  c l u s t e r s .  



Figure 1 .  Structure of the M O * C ~  2- anion 



Unfortunately, reactions involving mu1 t i  ply bonded dimers 

frequently lead to  i r reversible  s t ructural  degradation thereby pro- 

duci ng s table  compounds in which the metal -metal bond i s  great ly  

weakened or  lo s t  altogether (39-50). While th i s  i s  t rue fo r  both t r i p l y  

bonded and quadruply bonded complexes, dimers wi t h  t r i p l e  metal -metal 

bonds have been found to par t ic ipate  in several reversible reactions 

which are  ca ta ly t ica l ly  s ignif icant .  These include addition of 

unsaturated molecules across the metal -metal bond (51 ) , carbonylation 

(26), and insertion of C02 into metal-ligand bonds (52-55). The C02 

insertion, when performed with dimers of the type M2R2(NMe2)4 
. . 

( M  = Mo,  W; R = alkyl group containing 6-hydrogen), produces alkanes 

and a1 kenes by reductive el  imination (56).  

Unlike t r ip ly  bonded dimers, the more highly coordinated quadruply 

bonded dimers are  less  apt to  engage in reversible reactions where the 

metal -metal bond i s  retained. Rheni um dimers do show some tendency, to  

be reversibly oxidized or  reduced. Cyclic voltametry has produced 

dimeric species with rhenium in +2,  t2 .5 ,  and +3 oxidation s t a t e s  (37).  

Rhenium(I1,) and rhenium(II1). dimers may be reversibly oxidized with HX 

(57) and X2 (58), respectively, (X = hal ide) .  Additionally, Re(1V) and 

Re(1 I I )  dimers can be reduced by PR3 (57, 59). The' quadruply bonded 
. . 

tungsten and molybdenum dimers undergo only a limited number of 

reversible oxidations. The molybdenum carboxylates, M O ~ ( O ~ C R ) ~  may be 

oxidized by I2 t o  M o ~ ( O ~ C R ) ~ I ~  in a thermally reversible reaction (60). 

The mixed metal complex MoW(O~CR)~ reacts with I 2  to produce 

MoW(O~CR)~I which can be reduced back to  the  MOW^' dimer (61) .  The 



related t e t r a  (di thiocarboxylato) compound, M O ~ ( S ~ C R ) ~  ( 6 2 ) ,  and t e t r a -  

k i s  (xanthato) compound, Mo2(S2COR,)4 (41 ), behave different ly in t h a t  they 

a re  not affected by I2 and are  irre'versi bly oxidized, respectively. 

The molybdenum dimers M O ~ C I ~ ~ - ,  No2 (02CR)4y and !do2 ( ~ 0 ~ ) ~ ' -  can undergo 

one-electron electrochemical oxidation to  species with 3.5 order metal- 

metal bonds (63, 64). Several such oxidized dimers have been isolated 

as crystal  1 ine compounds (65, 66),  b u t  only one, MOW (O2CR)iI*CH3CN, has 

been chemidally reduced back to  a M - M ~ +  species (62). The dimers, 

M O ~ ( S O ~ ) ~ ~ -  and MO~X;- ( X  = halide) can be photolytically oxidized i n  

acidic solutions,  but th i s  process i s  i r reversible  under the conditions 

used (67, 68). The only other well-studied .system i s  the reaction of 

dimers of molybdenum and tungsten w i t h  HX (X = halide) where a variety 

of products a re  formed depending upon the reaction conditions and the 

nature of the metal. Tungsten dimers a re  i r reversibly oxidized t o  
. , 

w2xg3-, w ~ x ~ H ~ - ,  o r  W2X4(0R)2(ROH) (69). Molybdenum dimers . ,  may react 

4 - w i t h  HX t o  give simp1esubstitution products, Mo2X8 ( 7 0 , 7 1 ) ,  or  

under d i f fe rent  conditions oxidation t o  M ~ x ~ H ~ -  occurs (72). . . U ~ I  i ke the 

tungsten analog, M O ~ X ~ ~ I ~ -  may undergo reduction in the presence of t r i  - 
alkylphosphines or pyridine back to  quadruply bonded Mo2X4L4 ( L  = PR3. 

py) (73). Reactions of M O ~ ( O ~ C C H ~ ) ~  with HBr and H I  in methanol have 
- 

2- (74). produced the.  cl usters Mo2Br6 and Mo411 

These examples. of the reac t iv i ty  of the metal dimers in which 

strong metal -metal bon.ding i s '  retained a r e  not very common, and 

reversi bi 1 i t y  of redox reactions ' i s  even more unusual, especial l y  f o r  

molybdenum and tungsten. Such i r revers ib le  behavior would prevent the 



use of many of the dimers in ca ta ly t ic  cycles. Similarly, the 

production of monomeric end-products i s  exactly the opposite e f fec t  

desired fo r  the building of hig,her c lus te rs .  

The problem faced i s  then one of finding suitably reactive dimers 

which retain the i r  strong metal-metal interaction. One method of 

activating the dimer, so as to  i n i t i a t e  reactions under mi ld  conditions, 

i s  by the syntheses of derivatives w i t h  weakly coordinated ligands. 

Facile dissociation of the ligands would then open up  the coordination 

sphere about the metal atoms. This thesis  will describe jus t  such a 

compound and how i t s  h i g h  reac t iv i ty  has led to  the ' i so la t ion  of a new 

tetrameric molybdenum cluster .  Extension of known principles fo r  the 

molybdenum syntheses led to  the rational synthesis of the tetrameric 

tungsten analog as well as a new tungsten dimer. The characterization 

of each of these compounds i s  described. 

' Explanation of Thesis' Format 

The thesis  i s  divided into four sections,  each of which i s  written 

in a form sui table  fo r  publication as a technical paper. While 

references ci ted i n  the general introduction may be found a t  . the . end of 

the thes is ,  each section contains an independent l i s t i n g  of references 

and notes which are  ci ted in tha t  section. 



SECTION I. STRUCTURE OF THE ACTIVATED. QUADRUPLY BONDED DIMER, 

Mo,C~,[P(C~~~,)~], (CH30H)*-n(CHjOH) , AND I T S  REACTION 

TO GIVE A TETRAMERIC MOLYBDENUM CLUSTER 



Much attention has been given complexes containing multiple metal- 

metal bonds primari l y  because of the i r  potential use as c a t a l y s t s  (1 -4).  

In this regard, i t  i s  not surprising tha t  reactions involving the 

addition .of molecular species across the metal -metal bonds have been 

of particular in te res t .  In quadruply bonded dimeric complexes, such 

addition reactions are  relatively.  uncommon (5-31 ) . The following 

report  describes the preparation of a unique dimer which undergoes 

self-addi t ion across the quadruple bond to produce a new tetrameric 

c lus te r  complex. 

I t  was hoped tha t  the preparation of quadruply bonded dimers-with 

l ab i l e  ligands would f a c i l i t a t e  ligand dissociation i n  solution. The 

opening of the coordination sphere about the metal atom would then 

resu l t  in increased re.activity of the dimer. ,Attempts to  prepare the 

unknown, s te r ica l  ly  strained dimer, M O ~ C ~ ~ [ P ' ( C ~ H ~ ) ~ ] ~ ,  resulted i n  the 

isolation of the new reactive compound, M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~  (CH30H)2 (1 2 ) ,  

and subsequent investigations have shown that  t h i s  complex possessed 

exceptionally l ab i l e  methanol 1 igands which readily dissociated upon 

dissolution of the dimer in benzene. The resulting tetrameric species, 

M O ~ C ~ ~ ( P R ~ ) ~ ,  can be considered the product of a 2+2 cyclo-addition of 

two mul.tip1.y bonded dimers. , 



EXPERIMENTAL 

M a t e r i a l s  

The compounds described below were a i r  and moisture s e n s i t i v e  and 

were handled i n  Schlenk vessels under n i t r o g e n  o r  on a vacuum 1 ine .  

Samples were s tored i n  a n i t r o g e n - f i l l e d  drybox. Hydrocarbon so lvents  

were r e f l u x e d  over LiA1H4 o r  CaH2 and vacuum d i s t i l  l e d  i n t o  g lass bulbs 

f o r  storage. Methanol was d r i e d  by r e f l u x i n g  w i t h  sodium methoxide 

f o l  lowed by d i s t i  1 l a t i  on under n i t rogen  onto Molecular  Sieves (3R) f o r  

storage. Solvent t r a n s f e r s  were made by vacuum l i n e  d i s t i l l a t i o n  o r  

s y r i  nge-addi t i o n  under n i t rogen  . 
Analys is  o f  phosphorus-containing products f o r  molybdenum was 

performed by d iges t i on  o f  samples i n  bas ic  peroxide s o l u t i o n  fo l l owed  

by p r e c i p i t a t i o n  as t h e  molybdenum ox ina te  (13).  Phosphorus-free 

ma te r ia l s  were analyzed g r a v i m e t r i c a l l y  by d i g e s t i o n  i n  ho t ,  concen- 

t r a t e d  n i t r i c  a c i d  t o  g i v e  Moo3. , Hal ides  were determined' by potenti.0- 

m e t r i c  t i t r a t i o n  w i t h  standard AgN03 s o l u t i o n  ; carbon, n i t rogen  and 

hydrogen analyses were performed by the  Ames .Laboratory A n a l y t i c a l  

Services Group, unless otherwise stated.  

Physical  Measurements 

I 

I n f r a r e d  spectra were measured as n u j o l  mu l l s  on e i t h e r  a Beckman 

IR-4250 o r  Aculab-4. So lu t i on  u v - v i s i b l e  spectra were measured e i t h e r  

on a Cary 14 o r  Cary 219 spectrophotometer i n  n i t r o g e n - f i l l e d  c e l l s  

equipped w i t h  septa. 
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syntheses 

Molybdenum dimers' 

Mo2 (02CCH3)4 (14) and (NHi)5M02Cl g'H20 (1 5 )  were prepared by 

established procedures. 

Mo2c14[P(C6H5)12(CH30H)2 

In a 100 mL f l a sk  (NH4)5M02Clg*H20 (4.00 g,  6.46 m o l )  and t r i -  

phenylphosphine (3.40 g,  12.96 mmol ) were combined w i t h  30 mL of dry, 

oxygen-free methanol. The mixture was s t i r r e d  under nitrogen f o r  one 

day. A purple so l i d  was f i l t e r e d  from the  methanol solut ion and reacted 

again w i t h  60 mL of methanol f o r  one day. The blue, a i r - s ens i t i ve  

product was f i l t e r e d ,  washed w i t h  methanol, and thoroughly vacuum dried.  

Yield was 76%. The i den t i t y  of the  product was confirmed by comparison 

of infrared and uv-visible spectra  w i t h  the previously prepared compound 

havlng the  following, composition (12 ) .  Anal. Calcd. f o r  
. . 

M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~ ( C H ~ ~ H ) ~ :  Mo, 20.80; C l Y , i 5 . 3 7 ;  C , 49.48; H y  4.15.' 

Found: Mo; 20.54; C1, 15.42; C ,  50.34; H y  4.45. 

Tri butylamine (1.20 g, 6.46 moo1 ) and ( N H ~ ) ~ M O ~ C ~ ~ - H ~ O  (2 .OO g , 

3.23 m o l )  were, s t i r r e d  w i t h  30 mL of dry, oxygen-free methanol under 

nitrogen f o r  one day. The brown product was f i l t e r e d  under nitrogen and 

washed w i t h  60 m i  methanol . This sol i d  was then extracted f o r  6 days 

w i t h  methanol t o  remove the soluble impurities., and the  resu l t ing  dark 

brown product was dr'ied i n  vacuo. The material was pyropboric:upon 



exposure t o  a i r .  Y i e l d  was 60%. Anal . Calcd, f o r  [MoCl (OCH3)In: 

Mo, 59.1; C1, 21.8. Found: Mo, 57.8; C1, 21.5. 

I n  a t y p i c a l  preparat ion, M o ~ C , ~ ~ [ P ( C ~ H ~ ) > ] ~ ( C H ~ O H ) ~  (1.50 g , 

1.63 mmol ) was placed on a fri t t e d  d isc  f i l t e r  under a n i t rogen  

atmosphere. For ty  mL o f  benzene were added t o  g i ve  a green s o l u t i o n  

which was immediately f i l t e r e d  t o  remove a t race o f  brown p r e c i p i t a t e .  

The g reen 'so lu t ion  was s t i r r e d  under .n i t rogen f o r  30-60 minutes, duri 'ng 

which t ime a brown p r e c i p i t a t e  developed which was f i l t e r e d  and d r i ed  

i n  vacuo. This mater ia l  had a composition which was c lose t o  -- 

{MOCI 2[P(C6H5)3]}n, b u t  analyses va r ied  SI i g h t l y  from one preparat ion t o  

the next  (12). 

The { M O C ~ ~ [ P ( C ~ H ~ ) ~ ] } ~  (0.50 g) was reacted, w i t h  t r ie thy lphosphine 

(0.32 g) i n  20 mL benzene t o  produce a ye1 low p r e c i p i t a t e  and a b lue 

so l u t i on  a f t e r  12 hours. The ye1 low product '  was f i 1 tered and washed 

w i t h  toluene. Product . . i d e n t i f i c a t i o n  was confirmed by comparison o f  

i n f r a r e d  and uv - v i s i b l e  spectra w i t h  the prev ious ly  prepared complex 

having the f o l l ow ing  composition (12). Anal. Calcd. f o r  

M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~ :  Mo, 33.65; C1, 24.87; C, 25.28; H, 5.30; P, 10.86. 

Found: Mo, 33.70; C1, 24.63; C, 25.50; H, .5..37; P, 10.95. (C, H, .P ., 

analyses by Gal b r a i  t h  Laboratories, Inc, , Knoxvi 11 e, Tennessee. ) 



X-ray Structure Determi nation 

' Col 1 ec t i  on and reduct.ion of x-ray data 

Crystals of Mo2C1 ,[P(c,H,)~], (CH30H)2*nCH30H were grown by slow 

evaporation of a saturated methanol solution. The crystal  chosen for  

data collection measured 0.62 x 0.27 x 0.06 mm and was mounted i n  a 

thin-wal led capi 1 lary under an atmosphere of nitrogen saturated w i t h  

methanol. The crystal  was mounted on a 4-ci rc le  automatic diffractom- 

e t e r  designed a t  the Ames Laboratory (16). Twelve reflections a t  

various values of chi and p h i  were input into the automatic indexing 

program ALICE (17). The ce l l  parameters t h u s  obtained, i n  conjunction 

with axial osci l la t ion photographs, indicated a t r i c l i n i c  crystal  

system. Twenty-two strong, high angle reflections were measured on. the 

previously aligned diffractometer, and these were used t o  obtain a 

least-squares refinement on the l a t t i c e  constants a t  25OC: 

a = 11.547(6), b = 12.152(5), c = 9.458(4), a = 103.87(5), 

B = 112.47(4), y = 104,33(5), V = 1102.4(7). Mo Ka radiation was used, 

h = 0.70954A. Flotation density measurements provided a value of z = 1. 

Data were collected t o  20 = 50' using an U-scan technique. Four 

unique octants of data showed no systematic extinctjons and provided 

3346 independent observed reflections ( I  > 3 0 ~ ) .  Data were corrected 

fo r  Lorentz-polarization effects  and an absorption correction was made 

(u = 9.14 cm- I ) .  Three standard reflections were monitored during data 

collection and. showed negligible decay . . of intensi ty.  ; 



Structure sol ution and refinement ' 

Solution of the  Patterson function revealed the posi t ions  of two 

molybdenum atoms. Subsequent location of 1 igh te r  atoms i n  e lect ron 

density maps was accomplished by successive least-squares,refinements 

2 using the minimizing function 2 w ( l F o l -  IFc 1 )' where w = l /oF  The 

sca t te r ing  fac tors  were those of Hanson -- e t  a l .  (18) modified f o r  the  

real  'and imaginary pa r t s  of anoma1o.u~ dispersion (19) .  

During refinement, the  assumption of space group P1 led to  

o sc i l l a t i on  of atom posit ions and chemically unreasonable bond 

distances.  Correction t o  P- resul ted i n  s a t i s f ac to ry  refinement . A 
1 

center of inversion i s  located midway between the  two molybdenum atoms 

i n  the  molecule. Analysis of the  weights was performed w i t h  the  

requirement . t h a t  . wn2 should be a constant function of s i n  B/h (,20), and 

the  weighting was appropriately adjusted.  Refinement of the  occupancy 

f ac to r  f o r  solvate  methanol (n)  showed n = 2 .2  mo'lecules per u n i t  

c e l l .  Final discrepancy fac tors  were R = 0.066 andRw = 0.087. 

Positional and thermal parameters a r e  given in Tables 1-1 a h  1-2, 

and bond dis tances  and angles a r e  presented in Table 1-3. An ORTEP 

drawing of the  molecule i s  shown i n  Figure 1-1. 



Table 1-1'. Pos i t i ona l  parameters  ( x 1 ~ 4 )  f o r  ~ 0 ~ ~ 1  4 [ ~ ( ~ 6 ~ 5 ) 3 ] 2  ( C H ~ O H ) ~ .  
nCH,OHa 

3 

A tom x Y z 

a ~ s t i m a t e d  s t anda rd  d e v i a t i o n s  a r e  given i n  paren theses  f o r  t h e .  
l . a s t  s i g n i f i c a n t  d i g i t s .  



Table 1-2. Thermal arameters ( x lo4 )  f o r  Mo2C14[P (C6H5)3]2(CH30H)2* 
nCH,OHa s 

Atom 81 I B22 B33 %'2 '1 3 '23 

a ~ s t i m a t e d  standard dev ia t i ons  a re  g iven i n  parentheses f o r  t h e  
l a s t  s i g n i f i c a n t  d i g i t s .  

2 2 + 2 h k ~ ~ i  + b ~ i j  a re  def ined by T = exp[- (h B1 + k B Z 2 +  f+ 833 

2 h f + ~ , ~  + 2 k e ~ ~ ~ ) I .  , . 



Table 1-2. (Continued) 
. . . -. . . . . . .. . . 

Atom '1 1 622 '33 81 2 '1 3 '2 3 

2 C ~ s o t r o p i c  temperature f ac to r s ,  B ,  a r e  given i n  8 . 



Tab1 e 1-3. Bond distances (i) and angles (,'a f o r  

- ..- 
Mo2Clq[P(C H ) 1 (CH OH) *nCH30H 

6 - - 5  3 2 - .  - -. -- - -. -- - - - . . - . - . . -- 

D i  stances 

Mo-Mo ' 
Mo-C1 (1 ) 
Mo-C1 (2)  
Mo-P 
Mo-O(1) 

c (1  ) -0 (1  
P-C(11) 
C( l1  )-C(12) 
C(12)-C(13) 
C ( 1 3 ) - ~ ( 1 4 )  
C(14)-C(15) 
C(15)-C(16) 
C(16)-C(l1) 
P-C(21) 

Angles (middle atom i s  ve r tex )  

a ~ s t i m a t e d  standard dev ia t i ons  a re  g iven i n  parentheses f o r  t he  
l a s t  s i g n i f i c a n t  f igures .  



Figure 1-1 . Structure of the M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~ ( C H ~ O H ) ~  molecule with 
numbering .scheme for the atoms shown. Atoms are 
represented by thermal ellipsoids scaled to 50% o f  the 
electron den'sity . . . . 



RESULTS 

Syntheses and Chara.cteri zations 

The reaction of Mo2clg4' with phosphines has been a convenient 

route to  M O ~ C ~ ~ ( P R ~ ) ~  dimers (21,22). I t  was while attempting t o  

prepare Mo2C1 4[P (.C6ti5)3]4 tha t  the dimeri c compl ex, . 

M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~ ( C H ~ O H ) ~ ,  was isolated. When four o r  more equivalents 

of triphenylphosphine were reacted with the ~ o ~ ~ l a 4 - a n i o n  i n  methanol, 

products could not be obtained f r e e  from methanol,.and only by washing 

the products w i t h  large amounts of methanol could reproducible 

composi t ions be prepared. Later syntheses were simp1 i f  ied - by the use 

of only two equivalents of phosphine per mole Mo2clg4-. Analytical data 

indicated Mo2cl 4 [ ~  ( c ~ H ~ ) ~ ]  (CH30H l 2  only a f t e r  thorough ~acuum drying a t  

25OC t o  remove solvate methanol in the compound.. 

The attempted preparation of M O ~ C ~ ~ [ , P C ~ ~ ] ~  (CH30H)2 (Pcy3 = t r l -  

cyclohexylphosphine) produced a brown, pyrophoric material w i t h  only two 

strong bands in t h e  infrared spectrum a t  1035 cm-' and 505 cm-I which 

suggested tha t  Mo-OCH3 moieties were present i n  the compound (23). 
. . 

Since the phosphine had not been incorporated into the product, the 

reaction was repeated using tri-n-butylamine as a noncoordinating base. 

An identical product was obtained, . . and analysis indicated the 

composition [MoCl (OCH3)]n. I t  i s  l ike ly  tha t  this material is  

polymeric. 
. . .  

The M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~  ( C H ~ O H ) ~  dimer was found to  be moderately, 

air-sensi t i ve  and 1 i ke the analogous M O ~ C ~ ~ ( P R ~ ) ~  dimers (21 ) was blue 



in color, The uv-visible absorption bands are  l i s t e d  i n  Table 1-4.. The 

infrared spectrum exhibited many bands due to  tr i  phenyl phosphine as we1 1 

as bands due to  methanol a t  3380 cm-' (in), 3200 cm-' (m), 1100 cm" (m) 

and 996 cm-' ( s ) .  Molybdenum-chlorine stretching bands were found a t  

334 cm-' ( s )  and 272 cm-' (w). 

. Solutions of the dimer .in methanol were s tab le  i n  the absence of. 

oxygen, and the compound was insoluble and ine r t  i n  nonpolar hydrocarbon 

solvents such as hexane. Quite d i f fe rent  behavior was noted when the 

dimer was dissolved in a noncoordinating solvent such as benzene. The 

i n i t i a l  bl ue-green solutions quickly darkened and a f ine  brown 

precipi ta te  developed. The composition of the brown compound was 

variable. Samples isolated from d i lu t e  benzene solutions a f t e r  30 

minutes tended to  have analyses corresponding t o  [ M O C ~ ~ ( P ! ~ I ~ ) ] ~ ,  w h i  1 e 

longer reaction times and more concentrated solutions produced 

materials w i t h  l ess  triphenylphosphine and more methanol incorporated 

i n  the product. The variable composition and insolubili . ty of t h i s  

product prevented i t s  def in i t ive  characterization; however, addition of 

PR3 ( R  = C H n-C H ) produced more t r a c t a b l e  materials and led to, 2 5 ' .  . 4 9  

' t h e i r  s t ructural  characterization as tetrameric c lus te rs  (12). 

The tetramers, M O ~ C I ~ ( P R ~ ) ~ ,  were found t o  be brown to  yellow 

crystal l ine powders which were so'luble in methylene chloride, t e t r a -  

hydrofuran, . . benzene, and hexane. These compounds were only s l igh t ly  

'air-sensit ive and could. be handled i n  the a i r  f o r  short  periods of 

time. . . The infrared spectra of these complexes consisted of only PR3 

bands above 400 cm-' , b u t  the Mo-C1 stretching region, 200-400 cm" , 
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Table. 1-4. Electronic absorption spectraa 

(1.4 x M, methanbl solution) 

(5.6 x M, THF solution) 

Mo4Clg[P(n-C4H9)314 

(6.3 x M, hexane solution) 

a~alues are given in nm followed by molar absorptivity, 

E ( M - '  cm-11. 

bsh = shoulder. 



exhibited four  t o  f i v e  bands which served as cha rac t e r i s t i c  f inger-  

prints f o r  iden t i f i ca t ion  of these  c lu s t e r s  and a r e  l i s t e d  i n  Table 1-5. 

The uv-visible absorption bands a r e  shown in Table 1-4. 

Crystal St ructure  

Single crysta l  s of Mo2C1 4[P(C6H5)3]2 (CH30H)2."CH30H were i so la ted  

from methanol solut ions ,  but they immediately began t o  crumble when the 

compound was dried i n  vacuo att'250C. For the x-ray s t ruc tu r e  determi- 

nation, i t  was necessary t o  include methanol i n  the  sealed cap i l l a ry  t o  

prevent decomposition of the  c ry s t a l .  

The molecule shown i n  Figure 1-1 has a c rys ta l  lographical ly  imposed 

symnetry of Ci, but i s  v i r t u a l l y  CZh i f  one discounts the  phenyl r ings 

and methyl groups. The disposi t ion of ligands i s  typical  of quadruply 

bonded dimers i n  t h a t  each metal has d i s t o r t ed ,  square-planar 

coordination t o  the  nonmetal 1 i c  l igands which maintain an eclipsed 

configuration as  shown by the  tors ional  angles,  P ' -(Mo' ,Mo)-0 = 1.36' 

and Cl(1)'-(Mot,Mo)-Cl(2) = 2.97". The best least-squares f i t  of a 

plane through the two ~rrolybder~unl and four  ehlorine atoms has no atom 

more than 0.0381 out of plane. Similar ly ,  the molybdenum, oxygen, and 

phosphorous atoms a r e  coplanar t o  w i t h i n  0.028, and the  angle between 

these two planes i s  88.4". The bulky phosphine ligands a r e  s i tua ted  

t rans  .. t o  each other on opposite molybdenum atoms as  would,be expected 
. . 

, f o r  the  minimization of nonbonding repulsions . Each molybdenum atom 

i s  coordinated.to two mutually t rans  - chlor ine  atoms as  i s  the  case i n  

Re2C14[P(C2H5)3]4 (24) .    ow ever, t he  four  chlor ine  atoms i n  



Table 1-5. Infrared spectra .  (cm-l ) 200 cm-l t o  400 crn" ( s  = strong, 
m = medium; br = broadj 

361 (s )  

335 ( m )  

320 ( m )  

292 ( m )  

257 (s)  

356 (s )  

337 ( m )  

315 ( m )  

280 (s,  br)  



Wo2Cl 4[P (C6H5) 3]2 (CH30H)2 are  e c l  i psed whi 1 e they are  stagaered i n  t h e  

rhenium dimer. The Mo'-Mo-P angle i s  97.6' which i s  considerably more 

acute than the  MO'-Mo-O(1) angle of 113.7°. I n  add i t ion , .  t he  Mo-O(1) 

d i s tance  i s  somewhat long a t  2.211 (5)R. The Mo-Mo bond d is tance o f  

2.1 43 (1 )b i s  t y p i c a l  o f  quadruply bonded molybdenum dimers (25) .  

Methanol present  as so l va te  i s  located a t  two independent 

c r y s t a l l o g r a p h i c  s i t e s  which a r e  p a r t i a l l y  occupied. The f i r s t  s i t e  

has an occupancy o f  0.4 molecules/asyrnmetric u n i t  and has no contacts 

wi'th o ther  atoms c l o s e r  than t h e  sums. o f  van der ~ a a l  s r a d i i  . The 

occupancy o f  t h e  second s i t e  i s  0.7 molecules/asymmetric u n i t .  The 

oxygen atom o f  t h e  second methanol molecule i s  r a t h e r  c l o s e l y  s i t u a t e d  

t o  the  oxygen atom o f  t h e  coordinated methanol. The d is tance,  2.66(1)1, 

suggests a hydrogen bond e x i s t s  between these two methanol molecules 

(26) and i s  cons is ten t  w i t h  the  h igher  occupancy o f  t h i s  s i t e .  



I n  s p i t e  o f  the unusual r e a c t i v i t y  o f  Mo2C14[P (C6H5),12 (CH,OH)*, 

the spectral  propert ies are no t  s i g n i f i c a n t l y  d i f f e r e n t  from other  

quadruply bonded niolybdenum dimers. The two v (Mo-C1 ) bands i n  ' t he  
. . 

i n f r a red  spectrum are  s i m i l a r  t o  those seen f o r  a number of M O ~ C ~ ~ L ~  

complexes and are compatible w i t h  the presence of mutual l y  t rans 
- .  

ch lo r ine  atoms coordi.nated t o  each.meta1. o f  the dimer (21): The uv- 

v i s i b l e  spectrum of the dimer. has,a strong absorption a t  565 nm i n  

methanol. This absorption i s  comparable t o  the 588 nm band (6+6*) i n  

M o ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~  (27). The absbrption a t  565 nm has a prominent 

shoulder a t  510 nm, and wh i le  t h i s  i s  somewhat unusual f o r  quadruply 

bonded dimers , the Mo2Cl 4L4 (L = p y r i  d i  ne , dimethyl formami de) complexes 

a lso d isp lay  s i m i l a r l y  . . complex spectra (21 ) . 
Addi t ion o f  triphenylphosphine t o  a methanol so lu t i on  of 

MO,C~,[P(C~H~)~]~(CH~OH)~ produces the spect ra l  changes shown i n  Figure 

1-2. The strong absorption, a t  565 nm i.s. s h i f t e d  t o  longer wavelengths, 

and the,shoulder a t  510 nm becomes less prominent w i t h  increasing 

phosphine 'concentration. Isosbest ic  po in ts  are maintained a t  553 nm. .. 

and 473 nn. Since s t e r i c ,  hindrance; would make a x i a l  coordinat ion . o f  

triphenylphosphine improbable, the phosphine must be rep lac ing methanol 

i n  a 1 igand subs t i t u t i on  react ion.  Further experimental work i s  
. . 

required t o  conf i rm the exact i d e n t i t i e s  o f  the species i n  silution, 
. . 

bu t  the data c l e a r l y  show' t ha t  f a c i l e  subs t i t u t i on  o f  methanol occurs 
. . 

even i n  , the presence o f  a la rge  excess concentrat ion o f  methanol. ,' The 
. . 



F igu re  1-2. V i s i b l e  spectrum of M O ~ C ~ ~ C P ( C ~ H , - ) ~ ] ~ ( C H ~ ~ H ) ~  

(1.4 x M, 2 = 1 cm) w i t h  added t r ipheny lphosph ine .  

Concentrat ion o f  t r ipheny lphosph ine :  1 = 0.0 M, 

2 = 1.1 M, 3 = 2.3 M, 4 = 4.6 M, 

5 = 8.0 x M 



loss of methanol upon di'ssolution of the dimer in benzene to  give 

[MoC12(PB3)Jn i s  consistent with the l a b i l i t y  seen in methanol solution. 

The s t ructure of M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~ ( C H ~ O H ) ~  i s  basically the same 

as other quadruply bonded dimers . A1 though .the hydrogen atoms of the 

methano'l 1 igands cannot be confirmed c r y s t a l  l'ographical l y ,  the infrared 

spectrum shows u(0-H) stretching bands. In addition, the Mo-Mo distance 

of 2.143(1 ) A  and the eclipsed 1 igand configuration are  both indicative 

of a quadruple metal-metal bond and thus Mo(I1). The s t e r i c  congestion 

caused by triphenylphosphine appears to  be the main reason for  the 

dimer's a f f i n i t y  fo r  methanol .over additional phosphine ligands. 

I t  i s  s ignif icant  tha t  the Mo-0 bond. . is  longer than . . one would 

expect from the sums pf covalent . . rad i i .  An estimate of 1.411 i s  

obtained f o r  the covalent radius of molybdenum by subtraction of.  the 

radius of chlorine (0.991) from the mean Mo-C1 distance (1 .401). The 

anticipated No-0 bond length . is  then equal to  the sum of the molybdenum 

and bxygen (0.661) r a d i i ,  o r  approximately 2.071. This i s  0.14; 

shorter than the observed distance (28).  Similarly , the large Mo I-Mo-0 

angle (1 13.7")  may re f l ec t  the weakness of the Mo-0 bond as compared to  

the Mo-P bond whose Mo I -Mo-P angle i s  more acute (97.6"). The presence 

of a long, weak molybdenum-methanol bond i s  consistent with the solution 

behavior of the dimer. I t  i s  interest ing to .no te  tha t  the quadruply 

bonded dimer, M O ~ B ~ ~ ( H ~ O ) ~ ~ - ,  contains a long Mo-0 bond of 2.18(1 )l, and 

the Mo-Mo-0 angle (707") a lso somewhat larger  than the.Mo-Mo-Br angle 
. . 

(99.80) (29) .  Complete loss of water from t h i s  compound can be 

achieved by heating t o  150°C, which also shows the weakness of the Mo-0 

interaction. 



Attempts thus f a r  to  prepare analogous ~ 0 ~ ~ 1  4 ( ~ ~ 3 ) 2 ( ~ ~ 3 0 ~ ) 2  

complexes by reacting ~0~~1 : -  with two equivalents of phosphine in '  

methanol have fa i led .  In the case where R = cyclohexylphosphine, the 

s t e r i c  bulk i s  apparently, so great t ha t  the phosphine ac ts  merely as a 

proton acceptor in the production of [MoCl (OCH3)ln. Another non- 

coordinating base, tri-n-butylamine, produces the same compound. In 

cases where R = C2H5 o r  n-C4Hg, the tetrameric c lus te rs ,  M O ~ C ~ ~ ( P R ~ ) ~ ,  

a re  the only complexes isolated, although the existence of phosphine- 

methanol dimer intermediates cannot be discounted (30). 

The tetrameri c complexes, Mo4C18(PR3 I4  (R = C 2 H 5 ¶  n-C3H7, n-C4Hg). 

were f i r s t  produced by the substi tution of trialkylphosphines f o r  

triphenylphosphine i n  { M O C ~ ~ [ P ( C ~ H ~ ) ~ ] I .  The s t ructural  data f o r  

Mo4Cl 8[P(.C2H5)]4 are  presented i n  Tables 1-6, 7 and 8 (1 2) .  The c lus te rs  

have a rectangular geometry as shown i n  Figure 1-3 where the short  Mo-Mo 

distance i s  2.21 1 ( ,3)1,  and the long distance is 2.901 ( 2 ) l .  Each long 

edge of the rectangle i s  bridged by two chlorine atoms. I t  i s  note- 

worthy tha t  in the triethylphosphine derivative,  the two phosphine 

ligands located along the long edge of the rectangle a re  both e i the r  

above or  below the plane of the c lus te r ,  while in the tri-n-,butyl- 

phosphine derivative (12), the phosphines a l te rna te  up and down around 

the ring. Thus ,  the triethylphosphine tetramer has effect ively C p h  

symmetry while the tri-n-butylphosphine tetramer i s  D2. The reasons 

fo r  th i s  discrepancy are  not apparent, although the greater space- 

f i  11 ing requirements of P(n-C4Hg)3 may be involved. 



Table 1-6. Posi t iona l  parameters ( ~ 1 0 ~ )  f o ~  M ~ ~ c ~ ~ [ P ( c ~ H ~ ) ~ ~ ~ ~  
. . . .  -. . .-. -. . . - . . - -- . . .-- . .. - . . 

Atom x . , Y  z 

a~s t i rna ted  standard deviat ions a r e  given I n  parentheses f o r  the  
l a s t  s i g n i f i c a n t  d i g i t s .  



Table 1-7. Thermal parameters ( x lo4 )  f o r  M ~ ~ c ~ ~ [ P ( c ~ H ~ ) ~ ] ~ ~ ~ ~  

Atom Bl 1 822 833 81 2 '1 3 '2 3 

69(2) 69(2) 5 6 0  -2(1)  35(1) -1 (1 
Mo(2) 67 (2 6 7 0  57(1) O(1) 3 4 U )  o(1)  

C l ( 1 )  94(5) 86(5) 81 (5) -1 8(4)  37(4) -26 (4) 

C1(2) 83(5) 82(5)  70(4) 23(4) 36(4) 3(3)  
~ ( 3 1  74(4) 70 (4 71 (4)  4 3 )  37(4) 8(3)  
C1(4 1 85(5) 70(4) 82(5) 14(4)  35(4) 14(4)  

81 (5)  w 5 )  61 (5) 5 (4 36(4) 14(4) 

P(2) 81 (5) 86(5)  70 (5 )  -21 (4) 34(4) 7 (4 )  
C(lA1) 135(28) 74(19) 110(24) -9(19) 72 (23) -3(17) 
C(1A2) 107(25) 86(21) 124(27) 46(19) 65(22) 51 (19) 
~ ( 1 ~ 1 )  58(17) 129 (25) 80(19) 24(17) 42 (1 5) 28(17) 
C(1B2) 92 (28) 293 (55) 86 (25) 61 (33) 35 (22) 52 (30) 
C(1C1) 120(26) 128(26) 80 (20) -6 (21 ) 77 (20) 1(18) 
C(1C2) 119(31) 184(37) 123(29) 13 (27) 79 (26) 4(27) 

C (2B1) 56 (18) 122 (24) 82 (20) -7 (1 7) 25(17) lO(18) 
C (2B2) 75 (24) 329 (63) 126 (31 ) -1 5(31) 57 (24)  -22 (37)  

a ~ s t i m a t e d  standard dev ia t i ons  are  g iven i n  parentheses' f o r  t h e  
l a s t  s i g n i f i c a n t  d i g i t s .  

b 2 2 
Bi a r e  def ined by T = exp[-(h B1 + k Bz2 + 2 833 + 2hkB12 + 

zhre,, * 2 k a ~ ~ ~ ) I .  
2 C ~ s o t r o p i c  temperature factors,  B, a r e  g iven i n  1 . 



Table 1-8. Bond distances (1) and angles ( O )  for M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~ ~  

Distances 

Angles (middle atom is  vertex) 

.a~stimated standard deviations are given in parentheses for the 
last 's ignificant  figures. 



Figure 1-3. Structure of the M O ~ C ~ ~ [ P ( C ~ H , - ) ~ ] ~  molecule with carbon 
atoms omitted. Atoms are represented by thermal ellipsoids 
scaled to 50% o f  the electron density 



Figure 1-3 shows how the two dimers have condensed t o  form a ' tetra- 

meric cluster. I t  i s  the bond formation - between metal atoms across the 

long edge of the rectangle that di.stinguishes this  molecule as a true 

cluster compound. The existence of the long metal-metal bond in this  

diamagnetic molecule i s  supported by the close approach of the 

molybdenum atoms, which a t  2.901 ( 2 ) i  i s  well within the range of 2.51 

to 3.21 known for Mo-Mo single bonds (31 ).  There i s  other structural 

evidence for bonding between metal-atoms across the long dimension of 

the rectangle. First ,  the MO-~1-MO bridge bond angles are acute and 

average only 74.4(2)', while the C1 -Mo-C1 bridge bond angles .are quite 

wide a t  100.4(2)". Second, the nonbonding contacts . .  in . the. molecule 

(Figure 1-4, Table 1-8) are very short. Figure I-4'shows how the bridg- 

ing chlorine atoms of the tetramers are pinched between the terminal 

chlorine and phosphine atoms. A comparison w i t h  t.he nonbonding distances 
. . . . 

in K4MopC18 (32)  shown in Figure 1-4 revealsthe . 
. 

magnitudelof the s te r ic  

crowding i n  the tetramer. The extremely close contacts are much less 

than the 'sums of the van der Waals radii of the atoms (33) and suggest 

that  the terminal 1 igands are being. farced toward the bridging chlorine 

atoms. This crowding may also be responsible for the unusual situation 

where the average bridging Mo-Cl distance (2.401) i s  shorter than the 

average terminal Mo-Cl distance ( 2 . 4 2 ) .  ~ i n a l  ly , Figure 1-5 shows how 

the pairs of dimers are displaced from the centers of the rectangular 

box of ligandatoms which encloses each dimer u n i t .  The simplest 

explanation of these facts i s  that  the two dimer units of the cluster 

are being drawn together by the at tractive 'force of Mo-Mo bonds,. 



Figure 1-4. Nonbonding c o n t a c t s  (1) i n  M O ~ C I ~ [ P ( . C ~ H ~ ) ~ ] ~  and 
K Mo C1 -2H 0 . 4 2 8  2 



PLANE I PLANE 2 
I I 
I I 

a Mo.  . ' 

Figure 1-5. Distances ( I )  of molybdenum atoms from least-squares 
planes in Mo4Cl 8[P(C2H5)3]4. Angle between Plane 1 
and Plane 2 i s  0.7" 



37 

In addition t o  the structural evidence, the visible absorption 

spectra of  the tetramers (Table 1-3, Figure 1-6) do not  exhibit any 

strong peaks above 450 nm as would be expected for the 6-6* transition 

in quadruply bonded dimers. In v'iew of the structural similarity of the 

dimer units in the tetramer t o  the structures of independent dimers, a 

6+6* transition i s  expected, and i t s  absence suggests t h a t  these 

orbitals have been disrupted in some way. 

In fact, the orientation of the &-type orbitals of the dimer units 

makes them the most likely orbitals t o  be involved in Mo-Mo bonding 

across the long edge.of the tetramer. These orbitals are sketched in 

Figure 1-7; On each metal atom, one, of the lobes of each orbital extends 

directly toward the molybdenum atom opposite t o  i t  on the l o n g  edge of 

the tetramer. Thus, the poor overlap of a 6 bond i s  exchanged for a 

stronger a-type interaction. The u and n orbitals originally present in 

the quadruply bonded dimers are assumed t o  be relatively unchanged in 

the tetramer. Th'e possible 1 inear combinations for the metal orbitals 

are shown in Figure 1-7. They consist of bonding and antibonding 

components of a and 6 character. The resulting change in' the molecular 

orbitals on going from dimer t o  tetramer i s  diagrammed i n  Figure 1-7. 

Since the 6 component of the bonding i s  expected t o  be less .important 
' 

t h a n  the o component, the tetramer i s  considered t o  possess a tr iple 

metal-metal bond along the short edge. of the rectangle (lu,2n) and a 

single metal-metal b o n d  along the long edge ( lo) .  ' The short Mo-Mo bond 

distance o f  2.211 (3); i s  comparable to the typical tr iple bond distances 

known for molybdenum (.34), 2.167h t o  2.242A, and as mentioned 



WAVELENGTH hm) 

Figure 1-6. Electronic absorption spectra of Mo2C14[P(n-C4Hg) j14 (---)  

av~d Mo4Cl g[P(n-C41 I, ),I, (--- 



Figure  1-7. ~ o i e c u l a r  o r b i t a l  scheme f o r  Mo4C18L4 



previously, the long Mo-Mo bond i s  within the realm of Mo-Mo single 

bonds. The reason for the loss of the 6+6* transition of the dimers i s  

apparent from the molecular orbital diagram in Flgure 1-7. The actual 

band assignments of the complex absorption spectra of the tetramers i s  

currently under investigation. 

The stoichiometry of these tetrameric clusters i s  Mo4X12 where X i s  

a ha1 ide or neutral 2 electron donor 1 igand. Another molybdenum 
t tetramer, Mo4F4(0-bu )8, has been isolated (35) with the same stoichi- 

ometry, b u t  in this  complex X i s  fluoride or a1 koxide. Since the 

molybdenum has a formal oxidation s ta te  of +3, there are four less 
. . 

cluster bonding electrons than in the rectangular Mo(I1) tetramers, and 
t i f  Mo4F4(0-bu )8 had a rectangular arrangement of the metal atoms as in 

M O ~ C ~ ~ ( P R ~ ) ~ ,  the a bonds along the long edge of the rectangle would 
t necessarily be absent. Actual ly, .Mo4F4(0-bu i s  not rectangular, b u t  

rather the metal'atoms form a tetrahedron elongated along one of the 

two-fold axes. The disposition of the ligands i s  surprisingly similar 

to that in M O ~ C ~ ~ ( P R ~ ) ~  with eight terminal groups and four bridging 

groups 'linking the tr lply bonded dimers as st~owm in Figure 1 -8 .  The 

distances between the dimeric units in the Mo(II1) compound (av. long 

Mo-Mo di stance i s  3.72A) excl ude any bondi ng i nteraction between the 

two dimeric units, and the Mo-F-Mo angles (av. 124") suggest that the 
. . 

dimeric units may actually repel each other. The minimization of th is  

repulsion can be used as one rational for  the tetrahedral structure, 

which positions the metal atoms further from each other than in a 

rectangular cluster where the metal atoms are held directly opposite 



t F igure  1-8. S t ruc tu res  o f  Mo4F4(0-bu and M O ~ C ~ ~ ( P R ~ ) ~  Ligands 

to, a)  i n  both diagrams have e x a c t l y  t he  same placement, 

on ly  t he  metal atoms ( e )  have been changed 



t each other. The geometry of Mo4F4(0-bu )8 lends support to  the bonding 

picture suggested for  M o ~ C ~ ~ ( P R ~ ) ~  i n  tha t  the long o bonds would seem 

to. be responsible fo r  the rectangular geometry i n  the Mo.(II) c luster .  

I t  i s  also interesting t o  note tha t  the a and T components of the  t r i p l e  . 
t bonds i n  Mo4F4(0-bu )$ do not engage in delocalized c lus ter  bonding 

even though the smaller van der Waals radii  of the 1 igands would a1 low 

closer approach of the dimer units than in M o ~ C ~ ~ ( P R ~ ) ~  (see Figure 

1-4). This i s  i n  accord w i t h  the.assumption tha t  these same a and 

n bonds i n  the dimeric units of M O ~ C ~ ~ ( P R ~ ) ~  are  not great ly involved in 

bonding across the long edge of the rectangle. This l a s t  statement must 

be tempered by the recognition tha t  the greater orbi tal  extension i n  the 

Mo(I1) cluster  as compared w i t h  the Mo(II1) species may allow more 

delocalization of bonding between the orb i ta l s  of the t r i p l e  bonds in 

The, scheme for  the formation of M O ~ C I ~ ( P R ~ ) ~  i s  presented in 

Figure .I-9. . The manner i n  which four  ligands are displaced from the 

. dimer and the actual mechanism of the condensation are  unknown and 

probably f a i r l y  complex, . . 

This self-addition of the dimer presents some interesting possi-, 

b i l i t i e s  fo r  fur ther  studies.  The cyclic-addition of a molybdenum dimer 

with other unsaturated molecules such as acetylene and ethylene are of 

considerable in teres t  in view of the i r  ca ta ly t ic  implications. Similar 

cyclo-addi t ions of other mu1 t i  ply bonded dimers shoul d lead t o  analogous 

clusters  of metals other than molybdenum, and the synthesis of mixed 

metal c lusters  ' i s  a 1 i kely proposition which deserves some investigation. 

Some of the problems wi 11 be addressed i n  future work. 



Figure  1-9. Scheme f o r  t h e . f o r m a t i o n  of t e t r a m e r i c  c l u s t e r  
f rom two dimers 
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SECTION 11. PREPARATION AND CHARACTERIZATION OF TETRAMERIC CLUSTER 
. . 

COMPLEXES OF MOLYBDENUM 
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INTRODUCTION 

The earl  i e r  preparation (1 ) of M O ~ C ~ ~ ( P R ~ ) ~  from 

Mo2C14[P (C6H5)3]2 (CH30H)2 has prompted the development of bet ter  

synthetic routes to  these tetrameric c lus te rs .  Since the loss of 

methanol from the quadruply bonded dimer Mo2C1 4[P (C6H5)3]2 (CH30H)2 

in i t ia ted  the cyclo-addition of two dimers, the syntheses of other 

dimers containing coordinated methanol were attempted. Failure t o  

i so la te  any new dimers has nevertheless led t o  the development of new 

shorter synthetic routes to  known M O ~ C ~ ~ ( P R ~ ) ~  (R = a lkyl )  c lus te rs  as 

well as preparation of new .Mo4C18L4derivatives where L = CH30H, THFy 

RCN,  P(C6H5)3. The physical characterizations of these new c lus ters  

showed them to  be s t ruc tura l ly  and electronical ly  similar 6 the known 

M O ~ C ~ ~ ( P R ~ ) ~  (R = a1 kyl ) compounds (1 ) . 
The action of mild ha1ogenat.ing agents such as AlC13 and (CH ) Six 3 3  , 

(X; C1, Br, I )  on M O ~ ( O ~ C C H ~ ) ~  has provided an even more d i r ec t  route 

to  the tetrameric clusters .  Halogenation syntheses employ the same 

notion tha t  in the absence of four strongly bonded ligands, L ,  i n  

Mo2X4L4 (X = ha1 ide)  , condensation to  the tetramer readi ly  occurs. 

These preparations have produced cl us t e r s  of t h e  type Mo4X8 (PR3)4 

( X = C l ,  Br, I ;  R = a l k y l ) .  



EXPERIMENTAL 

Materi a1 s 

Samples were handled as described earl  i e r  (1 ) . 
Hydrocarbon solvents and'methylene chloride were refluxed over 

LiA1H4 or Cat$ and vacuum d i s t i l l e d  into glass bulbs f o r  storage. 

Tetrahydrofuran was re f l  uxed w i t h  copper(1) chloride to  remove peroxides 

prior to  treatment w i t h  CaHZ. Dry THF was then vacuum d i s t i l l e d  onto 

Molecular Sieves (48)  for  storage. ' ~ r o p i o n i  t r i  l e  was re f l  uxed over 

phosphorus pentoxide and d i s t i l  led under a nitrogen atmosphere to  a 

stoppered flask fo r  storage. Methanol was treated as described ear l  i e r  

(1 ) *  

~l uminum chloride was purified by sub1 imation and handled under 

nitrogen i n  a drybox. The reagents (CH3)3SiX (X = C1, Br , I ) , were 

used as obtained from Aldrich Chemical Co., Milwaukee, Wisconsin. 

Analyses were performed as descri bed earl i e r  ( . I )  . 

Physical Measurements 

Infrared and sol'ution uv-visible spectra were obtained as 

described earl ier (1 ) . ; Diffuse reflectance -spectra were obtained 0.n 

powdered samples with a Beckman DU spectrophotometer f i t t e d  with a 

reflectance ce l l  accessory, and samples were referenced against MgC03 

or BaS04. 

X-ray photoelectron spectra were obtained with an AEI-200B 

instrument using monochromatic A1 Ka radiation (1486.6 ev) .  



Electrostatic charging of the samples during data col.lection was con- 

t rol led with an electron flood gun. Approximately 400 scans were 

required t o  produce a spectrum with suff ic ient .  signal intensi ty .  The 

photoelectron b i n d i n g  energy was referenced against the C 1s peakwhich 

was assigned a value of 285.0 ev (2) .  Component peaks i n  the observed 

spectra were resolved by l eas t  squares curve f i t t i n g  using a computer 

program developed in th i s  laboratory ( 3 )  which smoothed the data,  

corrected fo r  ine las t ic  electron scat ter ing and f i t  the data to  a 

specified number of peaks. The peak shape was governed by the 

selection or  variation of the f u l l  w i d t h  a t  half maximum and a l inear  

combination of .Gaussian and Cauchy functions. 

Syntheses 

Molybdenum dimers 

Mo2(02CCH3)4 (41, ( N H ~ ) ~ M ~ ~ C ~ ~ * H ~ ~  ( 5 1 9  K4M02C18 (61, 

(NH4)4M02(S04),4'?H20(7), Mo2C14[P(C2H5)314 (8)s and . 

Mo2C14[P (C6H5),]2(CH30H)2 (1 ) were prepared by establ ished procedures. 

T h i s  compound was prepared using the method of Brencic e t  a l .  (7) 

with s l i g h t  modification. (NH4)4M02(S04)4-2H20 (5.60 g, 8.64 mol  ) was 

added to  47 mL of 48% HBr, and the resulting solution was cooled to  ' 

-20°C f o r  .one hour. The v io le t  product (obtained in 40% yie ld)  was 

f i l t e r e d ,  washed w i t h  a few mL of cold 48% HBr solution, and dried 

under vacuum. A Debye-Scherrer x-ray powder pattern confirmed the 



iden t i ty  of the  product. Anal. Calcd. f o r  (NH4)4M02Br8: Br, 71.6; 

N ;  6:20; M, 1.81 .. Found: Br, 70.8; N,  6.16; H , .  1.78. 

. . 

M04C1g (CH30H)4 

MO,C~,[P(C~H~),],(CH~OH)~ (5.00 g,  5.42 mmol ) was added t o  50 mL 

cyclohexane (n-hexane o r  decalin a l so  have been used). A 20. mL a l iquo t  

of  anhydrous methanol which had been made 0.40 - 0.50 M i n  HC1 was 

added t o  the  cyclohexane mixture, and the  solut ion was brought t o  ref lux 

under a nitrogen atmosphere. After one hour, an insoluble yellow 

product developed; t h i s  was f i l t e r e d ,  washed w i t h  30 mL methanol, and 

dried under vacuum. The y i e ld  was 90%. Anal. Calcd. f o r  
. . 

M O ~ C ~ ~ ( . C H ~ O H ) ~ :  Mo, 48.24; C1, 35.7; C ,  6.03; H ,  2.01. Found: Mo, 

The oxidation s t a t e  of molybdenum i n  t h i s  compound was determined 

by digestion of a sample i n  standard ac id ic  Ce(1V) solut ion followed, by 

t i  t r a t i on  of excess Ce(1V) w i t h  standard Fe(I1) solut ion.  A molybdenum 

oxidation s ta te  o f  2 . l k 0 . 1  was obtained. 

M O ~ C ~ ~ ( C H ~ O H ) ~  (2.00 g ,  2.51 m o l )  w a s s t i r r e d  w i t h  20 mL 

p rop ion i t r i l e  under nitrogen f o r  one day t o  produce a br ight  ye1 low 

so l id  which was' f i l t e r e d  and washed w i t h  propioni t r i l e  and diethyl 

e ther .  The product was vacuum dried a t  25°C. The y i e ld  was 93%. 

Anal. Calcd. f o r  M O ~ C ~ ~ ( C H ~ C H ~ C N ) ~ :  M o ,  43.23; C1, 31.95; C ,  16.24; 

N ,  6.31; H y  2.23. Found: Mo, 42.90; C1, 31.46; C ,  16.04; N,'6.10; 

H, 2.27. 



M O ~ C ~ ~ ( C H ~ C H ~ C N ) ~  (0.50 g,  0.56 mnol ) was extracted -- i n  vacuo w i t h  

tetrahydrofuran f o r  four days. The col lect ion f l a s k  of the  extract ion 

apparatus was then cooled to  O°C f o r  one day i n  order t o  d i s t i l i  excess 

solvent from the  residue l e f t  undissolved by the  tetrahydrofuran. 

Soluble material which had been t ransferred t o  the  col lect ion f l a s k  was 

discarded. The insoluble residue was rapidly  weighed f o r  analysis  t o  

minimize loss  of tetrahydrofuran from the  sample. Anal. Calcd. f o r  

Mo,  40.15; C1, 29.67. Found: Mo, 41.30; C1, 30.56. 

M O ~ C ~ ~ ( C H ~ C H ~ C N ) ~  (0.80 g , 0.90 mmol ) was s t i r r e d  under nitrogen 

w i t h  a solut ion of triphenylphosphine (2.00 g,  7.62 ,mmol) in  25 mL 

tetrahydrofuran. The product was f i l t e r e d  from the  solut ion a f t e r  

24 hours, and an IR. spectrum was obtained i n  order t o  monitor . the  loss  

of p rop ion i t r i l e  from the compound. When prop ion i t r i l e  could no longer 

be detected (generally 3 t o  4 days were required) ,  the  orange-ye1 low 
. . 

product was f i l t e r e d ,  washed w i t h  THF, and dried under vacuum. The 

y i e ld  was 60%. Anal. Calcd. f o r  M o ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~ : ,  Mo, 22.36; 

C1, 16.52; ,C, 50.38; . H ,  3.33. Found: Mo,  22.45; C1, 16.50; C ,  50.26; 

H y  3.39. 

M O ~ ( , O ~ C C H ~ ) ~  (1 .OO g, 2.33 mmol), a1 uminum chloride (1.30 g ,  

9.75 mmol ) , and triphenylphosphine (6.10 g ,  23.0  mmol ) were refluxed i n  



15 mL tetrahydrofuran under nitrogen. After  two days, a br ight  pink 

compound was f i l t e r e d  'from the  sol.ution and washed w i t h  THF and 

methanol. The product was dr ied under vacuum a t  25°C. The y i e ld  was 

80%. Anal. Calcd. f o r  M o ~ C I ~ ( ~ ~ C C H ~ ) ~ [ P ( C ~ H ~ ) ~ ] ~ :  Cl, 7.83; C ,  53.06; 

H ;  4.01. Found: C1, '7.84; C ,  53.00; H ,  3,99. . . 

A number .of d i f f e r en t  syntheses have been developed. Product 

iden t i f i ca t ion  was es tabl ished i n  some cases by comparison of infrared 

and uv-visi ble spectra  w i t h  authent ic  samples (1 ) . 
( a )  The tetramer may be obtained from e i t h e r  Mo4C18(CH30H)h o r  

Mo C1 (CH3CH2CN)4 by ligand subs t i tu t ion  react ions .  In a typical  4 8 

preparation,  M O ~ C ~ ~ ( C H ~ , C H ~ C N ) ~  (1.06 g , 1.19 mnol ) and tr.i ethyl phosphine 

(0.80 g, 6.77 tiunol) were s t i r r e d  a t  25°C f o r  s i x  hours i n  30 mL cyclo- 

hexane, The yellow product was f i l t e r e d  from the  blue solut ion and 

washed w i t h  cyclohexane. The y i e ld  was 89%. Anal. ~ a l c d :  f o r  

M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~ : , ,  Mo, 33.65; C1, 24.87; C ,  25.28; H ,  5.30. Found: 

Mo, 33.45; C1, 24'19; C ,  24.74; H ,  5.10. 

(b) K4Mo2CI8 (2.00 g, 3.17 mnol) and tri-n-butylphosphine 

(1.28 g, 6.33 mnol ) were refluxed i n  15 mL methanol f o r  one day t o  

produce an orange so l i d  which was f i l t e r e d  and washed w i t h  methanol. 

This was then dissolved i n  toluene and f i l t e r e d  t o  separate  the  soluble 

c l u s t e r  from unreacted K4M02C18 and KC1 . The toluene solut ion was . , 

evaporated t o  dryness under vacuum a t  25°C. t o  produce a yel.10~-brown 
. . 

so l i d  w h i c h  was washed w i t h  diethyl  e the r  un t i l  the wash was pale  



yellow. The y ie ld  of dry M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~  was 70%. Anal, Calcd. f o r  

M O ~ C ~ ~ [ P ( . C ~ H ~ ) ~ ] ~ :  C ,  39.04; H ,  7.37. Found: C ,  38.31; H, 7.10. 

Substi tut ion of t r i e t hy l  phosphine f o r  tri -n-butylphosphine 

provided a ' 1 ess soluble,  product which could n ' o ' t  e a s i l y  be separated 

from s a l t s  l e f t  in the  react ion.  The KC1-K4MopClg mixture 

was, therefore ,  removed by washing the  crude product with a 50% 

methanol-water solut ion.  The product was then washed with methanol and 

diethyl e ther .  The y ie ld  was '60%. Anal. Found: C ,  25.05; H y  5.20. 

A preparation of M O ~ C ~ ~ [ P ( ~ - C ~ H ~ ) ~ ] ~  from ( N H ~ ) ~ M O ~ C ~ ~ - H ~ O  and 

tri-n-butylphosphine was achieved by reaction i n  methanol, a t  25OC. The 

y ie ld  was 50% f o r  tri-n-butylphosphine, but the  tr iethylphosphine 

tetramer could not be i so la ted  under these  conditions. 

( c )  M O ~ ( O ~ C C H ~ ) ~  (3.00 g, 7.01 mmol ) , t r i-n-butyl  phosphine 

(2.84 g, 14.0 mmol), and aluminum chlor ide  (1.87 g,  14.0 mrnol) were 

ref1 uxed i n  20 mL tetrahydrofuran f o r  one day. The ,  solut ion was 

cooled and 70 mL methanol was added t o  p rec ip i ta te  a yellow product. 

After  washing well w i t h  methanol and diethyl e the r ,  the  product was 

drled under vacuum a t  25OC. The y ie ld  was 41%. 

Subst i tu t ion of t r i e t hy l  phosphine f o r  tri-n-butylphosphine 

provided Mo4C18[P(C2H5)3]4 i n  51% y i e ld  (9 ) .  

(d)  M o ~ ( O ~ C C H ~ ) ~  (1 .OO g, 2.33 mmol ), t r iethylphosphine (0.56 g, 

4.74 mmol), and (CH3)$iC1 (2.03 g,  18.6 mmol) were reacted i n  15 mL 

ref  1 uxi ng tetrahydrofuran f o r  one day. The ye1 1 ow product obtained in  

40% y ie ld  was f i l t e r e d  and washed w i t h  diethyl  e ther .  



(e) MO~CI~[P(~-C~H~)~]~ (0.53 g, 0.46 tl'l'flol) and Mo(CO)~ (0.12 g, 

0.45 mrnol) were dissolved in 10 mL chlorobenzene. Heating the solution 

rapidly to'reflux caused the blue solution to quickly turn brown. After 

one hour, the chlorobenzene was removed by vacuum distillation at 

approximately 100°C, and the brown residue was extracted in vacuo'with 
. . 

hexane to produce brown crystal 1 i ne Mo4C18[P (n-C4H9)3]4 in the 

collection flask. The yield was 44%, but the IR spectrum.of the 

product showed that a trace of Mo(CO)~[P(~-C~H~)~]~ contaminated this 

sampl e. 

(a) (NH4)4M02Br8 (4.00 g, 4.43 mnol,) and tri-n-butylphosphine, 

(1.79 g, 8.85 mbl) were mixed together in 25 mL methanol at O°C, and 

after six hours the methanol was removed by vacuum di sti 11 ation .whi 1 e 

keeping the solution cool. ' The residue was stirred with 1 5 m ~  benzene 

and fi 1 tered to remove (NH4)4M~2Br8, and NH4Br from the soluble product. 

The benzene was then removed by vacuum distillation, and the dark green 

sol id remining was redissolved i n  a minimum of benzene (approximately 

4 mL) . Twenty mL methanol were added to precipitate a brown sol id 
which was filtered and washed with acetone. The resulting rust-colored 

product was obtained in 40% yield. Anal. Calcd. for Mo4Br8[P(C4H9)314: 

Mo, 20.94; Br, . . 34.89; C, 31.46; H, 5.94. Found: Mo, 20.82; Br, 34.61; 

(b) M o ~ ( O ~ C C H ~ ) ~  (1.00 g, 2.33 mnol ) , tri -n-butylphosphine 
(0.94 g, 4.66 mol), and (CH3)3SiBr (1.62 g, 10.6 mnol) were stirred 

together in 15 mL methylene chloride . for . one day. The solvent was then 



reduced by vacuum d i s t i l l a t i o n  t o  about 5 mL and 20 mL of methanol was 

added t o  p r ec ip i t a t e  the rus.t-colored product. The y ie ld  was 

approximately.20%. The uv-visible and infrared spectra  of t h i s  compound 
. . 

were ident ical  t o  the  spectra obtained f o r  the  compound i so la ted  i n  

Part  ( a ) .  

M O ~ ( O ~ C C H ~ ) ~  (1 .OO g ,  2.33 mmol ) and tri-n-butylphosphine (0.94 g., 

4.66 mmol) were s t i r r e d  in 15 mL methylene chlor ide  which had been 

coiled t o  0°C. After addit ion of (CH3)3SiI (3.66 g, 18.3 mmol), the  

mixture was s t i r r e d  under nitrogen f o r  one day a t  O°C. Removal of 

solvent .by vacuum d i s t i l l a t i o n  produced a dark green residue which was 

extracted i n  vacuo w i t h  diethyl  e the r  f o r  one day. A dark green 

c ry s t a l l i ne  product developed i n  the  co l lec t ion  f l ask  and was i so la ted  

i n  21% y i e ld .  Anal. Calcd. f o r  M O ~ I ~ [ P ( C ~ H ~ ) ~ ] ~ :  I ,  45.97; C ,  26.11; 

H ,  4.93. Found: I ,  46.51; C ,  25.58; H ,  4.53. 



RESULTS 

D issoc ia t i on  of coordinated methanol f rom ~ 0 ~ ~ 1  4 [ ~ ( ~ 6 t t 5 ) 3 ] 2  ( c H $ H ) ~  

has l e d  t o  t h e  fo rmat ion  o f  t h e  te t ramer i c  c l u s t e r s  described e a r l i e r  

2W02C14[P(c6H5)312(CH30H)2 benzene, PR3 > M O ~ C ~ ~ ( P R ~ ) ~  + 4C1I30H 

(1 ) . Loss o f  t r iphenylphosphine f rom t h i s  same dimer has .produced . the 

new c l u s t e r ,  M O ~ C ~ ~ ( C H ~ O H ) ~ ,  D issoc ia t i on  o f  t he  phosphine was 

promoted by c a r r y i n g  o u t  the  r e a c t i o n  i n  a two phase so lvent  system o f  

methanol -cyc l  ohexane. As the  t r i p h e n y l  phosphine was 1  i berated from the 

dimer, i t  was removed from the  r e a c t i o n  by e x t r a c t i o n  i n t o  the  cyc lo-  

hexane phase w h i l e  the  dimer remained i n  the  methanol phase. The 

r e s u l t i n g  product  was found t o  con ta in  no tri phenyl phosphi ne, b u t  

s o l v o l y s i s  was a  problem, as was shown by the  appearance o f  methoxide 

bands i n  the  i n f ra red  spectrum. I n s o l u b i l i t y  o f  t h e  product  made 

p u r i f i c a t i o n  by r e c r y s t a l l i z a t i o n  impossible, b u t  f o r t u n a t e l y ,  i t  was 

found t h a t  a d d i t i o n  o f  HC1 t o  the  r e a c t i o n  e f f e c t i v e l y  i n h i b i t e d  the  

methoxide formation. The concent ra t ion  o f  the  HC1 was kept  i n  a  range 

t h a t  prevented s o l v o l y s i s ,  y e t  d i d  n o t  g i v e  triphenylphosphonium s a l t s  

i n  t h e  product.  

The ye1 1  ow, m ic roc rys ta l  1  i n e  product,  M O ~ C ~ ~ ( C H ~ O H ) ~ ,  had the  same 

s to ich iomet ry  (Mo4ClgL4) as t h e  p rev ious l y  i s o l a t e d  tetraaiers. An 

i n f r a r e d  spectrum o f  the  compound showed bands a r i s i n g  from coordinated 

methanol ( i ~ ) ,  \r(OH) 3360 cm-l , 1112 cn- l ,  y(C0) 990 cm", and the  f a r  



infrared spectrum (400 cm-I t o  200 cm-l ) displayed a number of bands due 

to  No-C1 vibrations (Table 11-1)- I t  i s  noteworthy tha t  the tetrameric 

clusters ,  M O ~ C ~ ~ ( P R ~ ) ~ ,  a1 so exhibited similarly complex spectra i n  the 

f a r  infrared. 

The C1 2p XPS of M O ~ C ~ ~ ( C H ~ O H ) ~  was found t o  be complicated by the 

.apparent decomposition of the compound in the spectrometer. Loss of 

methanol from the sample was evidenced by an increase i n  the pressure i n  

the sample chamber when the sample was irradiated w i t h  the x-ray beam. 

Reliable spectra could not  be obtained fo r  th i s  compound. This 

l a b i l i t y  of the methanol was also demonstrated by the loss of methanol 

from the solid when heated -- in vacuo a t  150-200°C. The residue 

remaining contained no methanol (shown by i t s  infrared spectrum), and 

the Debye-Scherrer x-ray powder pattern was identical to  the diffuse 

pattern known fo r  8-MoC1 (1 1 ) . 

The methanol tetramer was easi ly converted back to  quadruply bonded 

dimers by reaction wl t h  donor 1 i garids . When s t i  r r c d  with pyri dine for  

12 hours. a t  25"C, a red precipi tate  was. produced which was identified 
. . 

by infrared and uv-visible spectroscopy as the quadruply bonded dimer 

M O ~ C I ~ ( C ~ H ~ N ) ~  (12). Reactions of M O ~ C ~ ~ ( C H ~ O H ) ~  w i t h  donor 1 igands 

could also be limited t o  simple ligand substitutions.  When the amount 



Table 11-1. , I n f r a r e d  spectra (cm-l, ) o f  te t ramer ic  c l u s t e r s  200 cm-' 

t o  400  , cm-' (s  = strong, m = medi um, w = weak, 
sh = shoulder) 

MoqCl 8(CH30H)4 Mo4Cl g(CH3CH2CN Mo4Cl 8 ( CqH80 ) 4 

392 (m) 360 (s )  361 (m) 

371 (s )  327 (w) 339 (s )  

333 (m) 295 (s )  319 (m) 

296 (s )  245 (w) 271 (s )  

275 (sh) 240 (m) 

Mo4c18Cp (c6<)3~4  

366 (m) . . . 

343 (m) 

,318 (w) 
. '  304 (w) . ' 

270 (m) 

235 (w) 

Mo4c18[P (C2H5)314 

361 (s )  

335 (m) 
320 (m) . . 

292 .(.in) 

257 (s)  

{MoCI 2[P (C6H5) 3] In . . 

364 (m) 

340 (m) 

321 (s )  

299 (sh) . . 

278 ( s )  

252 (w) 

MO,C~,[P(~-C~H$~I~ 
--"" ...--. m.....--.- 

356 (s )  

. 332 (m.) 
315 (m) 

280 (s )  



of t r i a l  kylphosphine was limited to four equivalents of phosphine per 

equivalent of tetramer, there was nearly quantitative conversion to  

M O ~ C ~ ~ ( P R ~ ) ~ .  Similarly,  reactions of the methanol te'tramer with weakly 

coordinating ni t r i l e s ,  RCN,  a t  25OC also produced tetrameric clusters ,  

M O ~ C ~ ~ ( R C N ) ~ .  In the case of ace toni t r i le ,  incomplete substitution of 

CH3CN for  methanol prevented isolation of the pure Mo4Cl 8(CH3CN)4 

compound, 

The M O ~ C ~ ~ ( C H ~ C H ~ C N ) ~  c lus ter  was found to  possess many of the 

same properties as M O ~ C ~ ~ ( C H ~ O H ) ~ .  This ye1 low, microcrystal 1 ine 

compound was also insoluble in most solvents and only s l ight ly  a i r  

sensitive.  While the compound was found to  be soluble to  some extent 

in tetrahydrofuran, substitution. of THF f o r  CH3CH2CN occurred readily 

t o  produce complexes w i t h  mixed 1 igands (vide inf ra)  . The. infrared 

spectrum of M O ~ C ~ ~ ( C H ~ C H ~ C N ) ~  exhibited the bands f o r  coordinated 

propionitri le,  ~ ( c N )  2280 cm-l , and several Mo-CI vibrations between 

400 cm-' and 200 cm-I (Table 11-1). The XPSdata were plagued by t h e  

same decomposition problems as observed for  F I O ~ C ~ ~ ( C H ~ O H ) ~  

Because the n i  t r i  1 e 1 i gands were weakly coordinated', . ,  

M O ~ C ~ ~ ( C H ~ C H ~ C N ) ~  was especial l y  useful f o r  preparing Mo4Clh4 deriva- 

t ives where L = t r i a l  kylphosphine, triphenylp'hosphine or  tetrahydro- 

furan. As was the case fo r  the methanol tetramer, trial kylphosphine 

derivatives were' abtalned i n  nearly quantila:L,ive yields.  



The tetrahydrofuran complex was synthesized by long extraction of 

MO~C~~( ,CH~CH~CN)~  w i  t h  THF which caused slow leaching of propioni t r i  l e  

from the compound and eventually produced a material inwhich. THF had 

replaced the n i  t r i l e  as the coordinated 1 igand, Coordinated THF i n  t h i s  

complex was very l ab i l e ,  and the compound could not be vacuum dried a t  

25OC without. complete loss of tetrahydrofuran from the compound. The' 
. . 

residue remaining a f t e r  drying i n  vacuo was ident i f ied as B-MoC12 by 

i ts  Debye-Scherrer powder pattern. Because of the v o l a t i l i t y  of THF 

i n  M O ~ C I ~ ( C ~ H ~ O ) ~ ,  analysis of this material was somewhat imprecise. 

By storing the compound i n  vacuum over 1 iquid tetrahydrofuran a t  . O°C . 

(vapor. pressure of THF was approximately 65 . mm), . .  a dry sample was 

produced whose composition was close t o  the stoichi.ometry expected for  

a tetrameric c lus te r ,  M o ~ C ~ ~ ( C ~ H ~ O ) ~ .  The formulation as  a tetramer 
. . 

was based mainly on the analytical data.  

The THF derivative was'dark brown i n  color and was s l igh t ly  

soluble i n  tetrahydrofuran. No t race  of propioni t r i l e  remaining from 

the preparative reaction was found i n  the infrared spectrum, b u t  there 

were strong bands due to  THF a t  1025 cm-' and 860 Em-1. The f a r  

infrared data a re  given i n  Table 11-1, and again a complex se r i e s  of 

Mo-C1 bands typical of these 'tetrameric c lus t e r s  l's evident. 

The triphenyl phosphine derivative,  .Mo4Clg[P (C6H5)3]4, could only 

be prepared v ia .  MO~C,~~(CH~CH~CN)~ .  1n contrast  t o  the rapid, 1 igand 

substi tution shown by trialkylphosphines, triphenylphosphine was slow 

t o  replace propioni t r i le  from the complex, T h i s  d i f f i cu l ty  i n  forming 

' the triphenylphosphine derivative can probably be a t t r ibuted  t o  the .. . . . 



lower basicity and increased steri 'c hindrance,of triphenylphosphine as 

compared to  t r i a l  kylphosphines. 

The triphenylphosphine complex was insoluble in noncoordinating 

solvents such as hexane or  benzene. The infrared spectrum confirmed the 

abs'ence of residual .propioni t r i le  i n  the compoun,d, and only bands. due t o  

triphenylphosphine were observed above 400 cm" while the f a r  infrared 

spectral data again showed a complex pattern (Table 11-I).. 

The syntheses of the t r i a l  kyl phosphine c lus te rs  , M O ~ C ~ ~ ( P R ~ ) ~ ,  from 

the quadruply bonded dimer. M o ~ C . ~ ~ [ P ( C ~ H ~ ) ~ ] ~ ( C H ~ ~ H ) ~ ,  by reaction with 

benzene was the f i r s t  method by which the tetrameric c lus te rs  were 

isolated. Unfortunately, t h i s  preparation gave low y ie lds .o f  the t r i -  

al kyl phosphine derivatives (gag., 20-25%); Since the 1 oss of two 1 abi 1 e 

methanol ligands in i t i a t ed  the condensation reaction, the removal of any 

two strongly bonded neutral ligands from other quadruply bonded dimers 

also seemed a feasible  route t o  the tetramers. To t e s t  t h i s  assumption, 

M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~  was reacted . w i t h  . Mo(CO)~. In th is  reaction, the 

production of MO(CO)~[P (C2H5)3]2 and carbon monoxide gas were presumed 

(.13), al!hough no product ,identification was attempted,. When a 

stoichiometric amount of Mo(CO)~ was used f o r  the elimination of two 

equivalents of triethylphosphine per dimer, the product isolated was 

indeed ident i f ied as M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~  by infrared and uv-visi ble 

spectroscopy. 
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Another rou te  t o  the desired phosphine c lus te rs  from 

Mo2Cl 4[P (C6H5)3]2 (CH30H)2 involved the syntheses o f  Mo4Cl gL4 c l  us t e r s  

where L = methanol o r  p r o p i o n i t r i l e .  Subsequent reac t ion  w i t h  tri- 

a l  kylphosphines gave high y i e l d s  of M O ~ C ~ ~ ( P R ~ ) ~  c lus te rs  (80% from 

M o ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~ ( C H ~ ~ H ) ~  ) , but  t h i s  method was ra ther  i n d i r e c t  . 
I n  an e f f o r t  t o  shorten the syntheses of the phosphine tetramers, 

an attempt was made t o  prepare Mo2C1 4(PR3)2 (CH30H)2 dimers where 

R = allqyl. These could then be conveniently converted t o  M O ~ C ~ ~ ( P R ~ ) ~  

by a reac t ion  analogous t o  the one known f o r  M o ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~ ( C H ~ ~ H ) ~ .  

The atternpte,d method of preparat ion o f  M O ~ C ~ ~ ( P R ~ ) ~ ( C H ~ O H ) . ~  was the same . .  

as the synthesis of where a ~ 0 ~ ~ 1 2 -  s a l t  was 

reacted w i t h  two equivalents o f  phosphine i n  methanol. However, the 
. . 

mixed l tgand dimers were never isol.ated, Instead, the reac t ion  produced 

the M O ~ C ~ ~ ( P R ~ ) ~  c lus te rs  d i r e c t l y .   hi l e  the y i e l d s  o f  the c l u s t e r  

. . 
2 ~ o ~ ~ l d -  + 4 PR3 > M O ~ C ~ ~ ( P R ~ ) ~  + 8 C1' 

compounds were. no t  except iona l ly  high, the use o f  r e a d i l y  avai 1 abl e 

0ctachlorodimo1ybdatesalts made t h i s  a major improvement i n  the 

syntheses o f  Mo4Cl g(PR3)4 complexes. 
. . . . 

The reac t ion  o f  t r i a l  k y l  phosphines w i t h  ~0~~1:- s a l t s  employed, 

v i r t u a l l y  the same condi t ions used f o r  the preparat ion o f  M O ~ C ~ ~ ( P R ~ ) ~  
. . . . 

dimers from octach l  orodimolybdate anions, excep t .  i n  the dimer syntheses 

an excess o f  phosphine had been used (14,15). Lowering the reac t ion  
. . 



ra t io  to  two equivalents of phosphine per equivalent ~0~~1:- produced 

quite a dramatic difference in the products i s o l a t e d . ,  This reduction 

of the phosphine to  dimer r a t io  has been applied to  other reactions 

which were previouslyused for  the syntheses of te t rak is t r ia lkyl -  

phosphi ne . dimers w i  t h  the same .resul t s  . 
The most d i rec t  syntheses of M o ~ C ~ ~ ( P R ~ ) ~  tetramers used 

Mo,~(.O~CCH~)~ as the s t a r t i n g  material (1 6 ) .  Here, chlorinating agents 

such as AlC13 or (CH3)3SiCl were used to  displace acetate  from the dimer 

and provide a source of halide. In the presence of excess t r i a l  kyl- 

phosphine, the M o ~ C I ~ ( P R ~ ) ~  dimers were isolated i n  high yields .  

Reduction of the reaction r a t i o  to  two equivalents trialkylphosphine 

per equivalent Mo2 (02CCH3)4 again produced the desi red Mo4Cl g(PR3)4 

clusters .  

Use of triphenylphosphine in t h i s  reaction did not r e su l t  i n  

complete replacement of the acetate  groups. Even with excess 

triptienylphosphine and long reaction times, only the mixed chloride- 

acetate dimer was produced ... The infrared .spectrum of the product 



showed the presence of bridging acetate  ligands (17), v(C02) 1480 cm-l, 

1435 cm" , as well as bands due to  triphenylphosphine. The v is ib le  

absorption spectrum i n  methylene chloride displayed a strong band a t  

525 nm (E = 2.2 x lo3 M-' cm-I) which was in agreement w i t h  the strong 

absorption a t  524 nm known for  the s imilar  compound, 

Mo2cl 2 (~2cc6H5)2[p(c4~9 . (18) 

The M O ~ C ~ ~ ( P R ~ ) ~ .  R = a1 kyl, c lus te rs  were on ly  s l ight ly  a i r  

sensi t ive and were soluble in a number of organic solvents including 

tetrahydrofuran, benzene, hexane, and methylene chloride. I t  appears 

tha t  the strongly coordinated phosphi nes have provided these c lus te rs  

w i t h  enhanced thermal stabi 1 i ty . For example, the M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~  

complex was' s table  i n  refluxing v l e n e  (140°.C), and a, sample sealed i n  

an evacuated tube was s table  to  200°C. Accordingly, the problems 

associated with the XPS of Mo4C18L4, L = C H ~ O H ,  C H ~ C H ~ C N , '  were not 

important f o r  t h i s  compound, and the C1 2p XPS was obtained without 

s ignif icant  decomposition of the sample. The t r i e thy l -  and t r i  -n- 

butylphosphine derivatives present complex f a r  infrared spectra 

(400 cm-' t o  200 cm" ), which are  consistent w i t h  the many Mo-Cl and . ,. 

Mo-P stretching v'ibrations tha t  a re  IR-active f o r  these molecules 



Some i n i t i a l  investigations- into the react ivi ty  of the phosphine. 

tetramers were undertaken, Reactions w i t h  donor ligands resulted in the 

cleavage of the tetremers back to  quadruply bonded dimers. When 

Mo4Clg[P(C2H5);-j4 was refluxed w i t h  excess triethylphosphine in benzene, 

there was rapid formation of the blue M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~  dimer which was 

easi ly  ident i f ied by i ts  infrared and uv-visible spectra (12).  

Attempted oxidative cleavage.with molecular hydrogen proved,.unsucoess- 

ful . Here, a THF or benzene solution of M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~  was reacted 

w i t h  hydrogen gas a t  600 psi i n  a high pressure bomb a t  60°C f o r  

24 hours.. No reaction was observed, and the. tetramer was recovered 

nearly quantitatively.  The attempted reduction . . of 

w i t h  four equivalents of sodium-mercury amalgam resulted i n  pyrophoric, 

amorphous products w i t h  nonstoichiometric Mo/C1 ra t ios .  These materials 

were not investigated fur ther .  

The preparation of M O ~ C ~ ~ ( P R ~ ) ~  c lus te rs  from ~ 0 ~ ~ 1 8 4 -  s a l t s  

itnnediately suggested tha t  a simple route t o .  t.he bromide .analogs might 
4 - be achieved by using Mo2Br8 , The bromide tetramer, 

. . 

M O ~ B ~ ~ [ P ( ~ - C ~ H , ~ ) ~ ] ~ ,  was isolated from a reaction modeled a f t e r  the 

syntheses of tetramers from ~0~~1:'. A major difference, however, was 

the need t o  cool the bromide'preparation i n  orde'r to  prevent the 

formation- o'f molybdenum methoxide species. Isolated yields of 



M O ~ B ~ ~ [ P ( ~ - C ~ H ~ ) ~ ] ~  were much smal l e r  than f o r  t he  c h l o r i d e  analog. The 

avai  l a b i  1 i ty  o f  (CH3)3Si Br a1 so made d i r e c t  synthesis o f  

Mo4Brg[P (n-C4H9) 3]4 from Mo2 (02CCH3)4 poss ib le .  Again , y i e l d s  were 

q u i t e  low, b u t  t he  convenience o f  t h i s  one s tep synthesis from r e a d i l y  

a v a i l a b l e  M O ~ ( O ~ C C H ~ ) ~  made t h i s  the  most use fu l  rou te  t o  the  c l u s t e r .  

As expected, M O ~ B ~ ~ [ P ( ~ - C ~ H ~ ) ~ ] ~  was very s i m i l a r  t o  the  c h l o r i d e  

analog i n  many o f  i t s  phys ica l  p roper t i es .  The compound was so lub le  i n  
. , 

the, same organic solvents,  and was on ly  s l i g h t l y  more a i r  s e n s i t i v e  than 

M O ~ C ~ ~ [ P ( ~ - C ~ H ~ ) ~ ] ~ .  , The u v - v i s i  b l e  spectrum ( ~ i g u r e  11-1 , Table 11-2) 

was comparable t o  t h a t  o f  R O , ~ C ~ ~ [ P ( . ~ - C ~ H ~ ) ~ ] ~ ,  except f o r  a red  s h i f t  o f  

about 20 nm. Shoulders a t  370 mm and 490 mm i n  t h e  bromide tet ramer 

have corresponding weak absorpt ions . . i n .  t he  c h l o r i d e  d e r i v a t i v e  which are 

more prominent ,  i n  t h e  s i n g l e  c r y s t a l  (1  9) and d i f f u s e  r e f l e c t a n c e  

spectra (F igure 11-3). There wepe .many bands i n  t h e  i n f r a r e d -  spectrum 

above, 400 cm-' due t o  the  tri -n-but j lphosphlne, b u t  i n  t he  reg ion  

400 cm-' t o  200 cm-' on ly  one band was observed a t  270 cm-l. Th is  

conf irmed the  assumption t h a t  f o r  M O ~ C ~ ~ ( P R ~ ) ~  most of t he  bands i n  

t h i s  reg ion  were a t t r i b u t a b l e  t o  Mo-C1 v i b r a t i o n s .  A Br 3p XPS o f  the  

tet ramer was obtained, b u t  over lapping o f  broad peaks d i d  n o t  a l l o w  a 

d e f i n i t i v e  spec t ra l  ana lys is .  The Debye-Scherrer x-ray powder p a t t e r n  

o f  t h e  bromide complex showed i t  t o  be isomorphous w i t h  



n m 
Figure 11-1. Electronic absorption spectra of M O ~ C ~ ~ [ P ( ~ - C ~ H ~ ) ~ ] ~  

(-) and M O ~ B ~ ~ [ P ( ~ - C ~ H ~ ) ~ ] ~  ( -  in hexane sol ution 



Table 11-2. Electronic absorption spectra of M O ~ C ~ ~ [ P ( ~ - C ~ H ~ ) ~ ] ~  and 
Mo4Br8[P (n-C4H9)314a 

' a~alues are given in nm followed by molar absorptivity, 
E ( M - ~  cm-l). 



M O ~ C ~ ~ [ P ( ~ - C ~ H ~ ) ~ ] ~  and thus was probably the best evidence of i ts  

tetrameric structure. 

Since a compound containing the ~ 0 ~ 1 2 '  anion has not been 

isolated, the most feasible route to the M O ~ I ~ [ P ( ~ - C ~ H ~ ) ~ ] ~  cluster was 

by reaction of M o ~ ( O ~ C C H ~ ) ~  with (CH3)3SiI. A compound with the 

correct formulation was prepared, yet i t s  physical characteristics were 

markedly different from the chloride. and bromide tetramers. The 

compound was dark green while the other tetramers :were without 

exception yellow .to brown in color. The difference i n  the colors was . . 

due to a fa i r ly  strong absorption a t  643 nm which was not present . in  

the chloride or bromide. tetramers (Figures '11-1 and 2).  In .add.itlon, a 

Debye-Scherrer powder pattern' showed that the iodide derivative was not 

isomorphous with Mo4C18[P (n-C4Hg)3]4. : The infrared spectrum. exhibited 

no bands i n  t he  400 cm-I to 200 cm-I region. 

The Mo I [P(n-C4Hg)3]4 complex was found to be more a i r  sensitive 4 8 
than ei ther  Mo4C1 8[P(n-C4ti9)3]4 O r  M O ~ B P ~ [ P  ( ~ - c ~ H ~ ) ~ ] ~ ,  and the compound 

was handled under an inert  atmosphere or  on a vacuum lfne a t  a l l  times. 

A s  in the case of M O ~ C ~ ~ [ P ( ~ - C ~ H ~ ) ~ ] ~ ,  the iodide cluster produced a 

quadruply bonded dimer, M O ~ I ~ [ P ( ~ - C ~ H ~ ) ~ ] ~ ,  when reacted with excess 

tri-n-butylphosphine. . . The. dimer was formed much more rapidly than i n  
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Figure 11-2. Electronic absorption spectra of M O ~ I ~ [ P ( ~ - C ~ H ~ ) ~ ] ~  and 
Mo214[P (.n-C4Hg) 3]4 in cycl ohexane sol ution 



the ch lo r ide  case w i t h  complete conversion r equ i r i ng  on ly  a few seconds 

a t  2 5 O C .  The dimer ic product was i d e n t i f i e d  by i t s  uv - v i s i b l e  spectrum 

(20 



DISCUSS ION 

The preparation of tetrameric c lus te rs  from quadruply bonded 

dimers requires the i n i t i a l  loss  of coordinated ligands from the dimer. 

The resulting species of low coordination number a re  unstable and 

readily condense to  form the c lus te r  compounds. I t  appears tha t  the 

manner by which the dimer loses the ligands i s  not an important factor ,  

as shown by the variety of procedures used f o r  the c lus te r  syntheses. 

I t  was the spontaneous loss of methanol from 

Mo~C~,[P(C,H,)~],(CH~OH)~ which f i rs t  led to  formation of M O ~ C I ~ ( P R ~ ) ~  

clusters  (1 ) . Likewise, the preparation of M O ~ C ~ ~ ( C H ~ O H ) ~  seems to  

depend upon t h e  loss of triphenylphosphine from the same dimer. 

However, since the Mo4Cl (CH30H)4 preparation uses methanol as a 

solvent, simple 1 igand substi tution of methanol f o r  triphenylphosphine 

could' produce a different  dimer, MO~CI~(CH~OH)~,  as a reactive 

intermediate. This dimer would actually be the reactive species, and 
. . 

again, the loss of weakly coordinated methanol would be responsible for  

the cycloaddi t ion. - .  

Coordinated methanol in Mo4C18(CH30H), a1 so seems to  be weakly 
. . 

bonded, and ligand subst i tut ions have led t o  a number of Mo4C18L4 

complexes where L = propioni t r i le ,  tetrahydrofuran, trialkylphosphine, 

and triphenyl phosphi ne. The M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~  c lus te r  is especial l y  

interest ing because of the s imi lar i ty  t o  {MoC~~[P(C,H~)~]} ,~?  which i s  

i n i t i a l l y  formed when M o ~ C ~ , [ P ( C , H ~ ) ~ ] ~ ( C H ~ ~ H ) ~  i s  dissolved i n  benzene. 

Unfortunately, { M O C ~ ~ [ P ( C ~ H ~ ) ~ I I ~  is  always s l igh t ly  contaminated with 



methanol so as to  make an unambiguous comparison impossible. For 
. . 

example,: the infrared spectra (400 cm" to  200 cn-' ) of the two 

compounds are very. similar except f o r  a band a t  323 cm-I i n  

{MOC~~[P(C~H~)~]} ,  (Table 11-1 ) . Despite these problems, the conversion 

of { M o C ~ ~ [ P ( C ~ H ~ ) ~ ] } ~  to  M O ~ C ~ ~ ( P R ~ ) ~  suggests tha t  n = 4, and t h i s  

compound is probably an impure form of the M O ~ C I ~ [ P ( C ~ H ~ ) ~ ] ~  obtained 

by ligand substitution. 

The preparation of M O ~ C I ~ [ P ( C ~ H ~ ) ~ ] ~  i s  much more d i f f i c u l t  than 

the corresponding t r i a l  kyl phosphine tetramers . Complete replacement of 

propioni t r i l e  from requires several days w h i  l e  the 

t r i a l  kylphosphine derivatives are  obtained i n  a few hours. S ter ic  

problems and lower basicity of triphenylphosphine seem to  i n h i b i t  the 

formati on of M O ~ C ~ ~ [ P ( C ~ H ~ ' ) ~ ] ~ ,  and th i s  may be why a methanol solution 
. . , . 

of M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~ ( C H ~ O H ) ~  does not spontaneously give 
. . 

M O ~ C I  ~ [ P ( C ~ H ~ )  3 ~ 4 .    he f a c t  tha t  the attempted preparati ons of 

M o ~ C I ~ ( P R ~ , ) ~ ( C H ~ O H ) ~ ,  R = a1 kyl , 'produce the tetrameric cl  usters from 

methanol solutions i s  consistent w i t h  t h i s  view. Since the tetrameric 

clusters  are  easi ly converted back to  quadruply bonded dimers, one can . . 

envision the following equil S br ium i n  methanol. 

In the case of triphenylphosphine, the equilibrium l i e s  t o  the l e f t  

because of the d i f f icu l ty  i n  forming the tetramers. In the case of 

trialkylphosphine, the equilibrium l i e s  f a r  enough to  t h e  r i g h t  to  

cause. pri'cipi ta t ion of the c lus ter  from methanol . 
. . 



I n  a11 the  syntheses descr ibed so fa r ,  t he  cyclo-addi t i o n  r e a c t i o n  

i s  i n i t i a t e d  by the  d i s s o c i a t i o n  o,f weakly bonded l igands,  b u t  t h i s  i s  

no t  t h e  o n l y  means by which condensation can occur. I n  the  r e a c t i o n  o f  

M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~  w i t h ,  Mo (C0)6, the  metal carbonyl abs t rac ts  s t r o n g l y  
. . 

bound phosphine l igands w i t h  subsequent f o n a t i o n  of M O ( C O ) ~ [ P ( C ~ H ~ ) ~ ] ~  

and Mo4C18[P (C4Hg) 3]4. This suggests t h a t  t he  c y c l  o-addi t i o n  may be 

genera l l y  app l i cab le  t o  almost any quadruply bonded dimer, provided 

some means i s  found t o  remove two coordinated l igands,  

I n  the  syntheses i n v o l v i n g  the  use o f  halogenating agents, t he  

abs t rac t i on  o f  aceta te  l igands i s  the  d r i v i n g  f o r c e  f o r  c l u s t e r  

formation, b u t  i n  these reac t i ons  there  i s  concurrent  replacement o f  

t he  aceta te  by ha1 ide .  Aluminum c h l o r i d e  .reacts much more r a p i d l y  w i t h  .. 

M o ~ ( O ~ C C H ~ ) ~  than t r i m e t h y l c h l o r o s i  lane, perhaps r e f l e c t i n g  the  s t rong 

a c i d i t y  o f  AlC13. Since t h e  reac t i ons  a r e  run  i n  tet rahydrofuran,  i t  

i s  poss ib le  t h a t  t he re  i s  formation o f  A1Cl2(0C4H8Cl ) ,  (21 ),  and t h i s  

may a c t u a l l y  be the  a c t i v e  halogenating agent. 

Proof of the  te t ramer i c  s t r u c t u r e  o f  M O ~ C ~ ~ ( P R ~ ) ~  was a v a i l a b l e  

through an x-ray s t r u c t u r e  determinat ion,  While no d i r e c t  s t r u c t u r a l  

evidence i s  a v a i l a b l e  f o r  Mo4C18L4 (L = t r iphenylphosphine,  methanol , 

prop ion i  tri l e )  , the same s t r u c t u r e  i s  assumed f o r  these complexes. . . 

Th is  i s  based on several  observat ions.  The analyses show t h a t  a l l  t he  
. , 

compounds have the  samestoichiometry,  Mo4C18L4. I n  add i t i on ,  when 

L = CH30H o r  CH3CH2CN, r e a c t i o n  w i t h  t r i a l  kylphosphines g ives  almost 

q u a n t i t a t i v e  conversion t o  M O ~ C ~ ~ ( P R ~ ) ~ .  The i n s o l  u b i  1 i ty  o f  many of 

t he  compounds does n o t  a l l o w  comparison o f  s o l u t i o n  u v - v i s i b l e  spectra, 



b u t  reflectance spectra on powders are available (Figure 11-3), and as 

expected, the spectrum of M O ~ C ~ ~ C P ( ~ ~ - C ~ H ~ ) ~ ] ~  agrees we1 1 with the 

other spectra especially in the longer wavelengths. I t  i s  not sur- 

prising that some differences be.tween the spectra exist in the uv region 

since these high energy transitions are more likely to involve the 

ligands. The low energy absorptions l is ted in Table 11-3 show a blue 

sh i f t  for the more weakly bound ligands. A similar blue shif t  in the 

low energy transitions of a variety of quadruply bonded molybdenum 

dimers is attributed to the decreased IT-acceptor character of the 

ligands and subsequent decreased nephelauxetic effect  on the metal 

orbitals (-12). Such reasoning may also be appl ied to the tetramers, 

and therefore, the general similarity of the reflectance data for these 

compounds i s  taken as further proof of their  tetrameric structures. 

' A  comparison of the C1 2p XPS spectra of these clusters i s  

desirable in that relat ive populations of bridging and terminal 

chloride can be obtained. Such a rat io would help to  confirm the 

structure of the various tetrameri c clusters since. the expected rat io 

i s ,  4:4. Since each type of chlorine produces a pair of peaks in the 

spectrum due t o  spin-orbi t coup1 ing (zp3l2, 2p1/2), a complex spectrum 

results which requires deconvol ution. parameters used in the decon- 

vol ution of the spectra of M O ~ C ~ ~ [ P ( . ~ - C ~ H ~ ) ~ ] ~  and MO~CI~(<H~OH)~ are 

shown in Table 11-4, and Figures 11-4 and 5 show the spectra resolved 
. . 

into their  components. The presence of more than one type of.chlorine 
. . 

in M O ~ C ~ ~ [ P C ~ - C ~ H ~ ) ; ] ~  i s  obvious from the :shape of the spectrum. 
. . 

Deconvol ution using the accepted order of bridging chloride a t  higher 



Figure. 11-3. Reflectance spectra of tetrameric clusters  

Mo4C18[P(n-C4H9)314 (-1 9 M04C18~P(C6H5)314 (---I 3 

M O ~ C ~ ~ ( C H ~ C H ~ C N ) ~  (-- -- ), and M O ~ C ~ ~ ( C H ~ O H ) ~  (-o-o-o-) 



Table 11-3. Low energy reflectance bands of Mo4ClgL4 
x cm-'1 

('Max 



T a b l e  11-4. ' - X P S  p a r a m e t e r s  u sed  i n  s p e c t r a  d e c o n v o l u t i o n  

F r a c t i  on 
G a u s s i a n  

Peak S p i n  O r b i t  
widtha  . s p l i t t i n g a  

~ n e r ~ ~ ~  ( r e l .  i n t . )  
Termi na  1 B r i d g i n g  



Figure 11-4. C1 2p x-ray photoelectron spectrum o f  Mo4Cl g[P(n-C4H9),314. 

The sum o f  both components i s  given by the sol  i d  1 i ne  

through the experimental data points,  (+) 
. . 



, . 

Figure 11-5. C 1  2p x-ray pho toe l ec t ron  spectrum o f  M O ~ C ~ ~ ( C H ~ O H ) ~ .  

The sum o f  both components is  g iven  by the s o l i d  l i n e  

through t h e  experimental  d a t a  p o i n t s ,  (+) 



b i n d i n g  energy and terminal chloride a t  lower binding energy gives, a 

bridging:terminal r a t io  of 4.5:3.5. While t h i s  i s  s l igh t ly  higher than 

the expected 4:4 r a t io ,  i t  i s  considerably be t te r  than the r a t io  of 

5 . 6 ~ 2 . 4  obtained f o r  M O ~ C ~ ~ ( C H ~ O H ) ~ .  In the l a t t e r  compound, a f i t  of 

the data t o  one type of chlorine,gives unreasonable values f o r  the peak 

. . widths and intensi ty  ra t ios  of the spin-orbit coupled peaks. I t  

appears then, tha t  the decomposition of the methanol tetramer, as 

discussed e a r l i e r ,  has caused a conversion of terminal chloride to  a 
. . 

bridging mode. During exposure of the sample to  x-rays in the high 

vacuum chamber, loss of methanol from M O ~ C ~ ~ ( C H ~ O H ) ~ ,  as we1 1 as loss  

of some phosphine from Mo4Cl 8[P(n-C4H9)3]4, i s  compensated by the 

increase i n  coordination number of the chloride. Because of the 

decomposition problems, a confirmation of t h e  s t ructure of Mo4C18L4 

compounds by XPS i s  not possible. 

The s t ructure of M O ~ B ~ ~ [ P ( ~ - C ~ H ~ ) ~ ] ~  i s  undoubtedly the same as 

the chloride analog as shown by x-ray powder patterns and electronic 

spectra. However, M o ~ I ~ [ P ( ~ - C ~ H ~ ) ~ ] ~  does not appear to  have the same 

electronic s t ructure as the other halogen clusters .  The presence of a 

strong absorption a t  643 nrn i s  very much l ike  the 645 nm band of 

M O ~ I ~ [ P ( ~ - C ~ H ~ ) ~ ] ~  (20) shown in Figure 11-2 and strongly suggests the 

existence of a 6 bond i n  the te,tramer. The compound might therefore ,be 

best considered . as . a pair  of independent quadruply bonded' dimers 1 inked 

by bridging iodide atoms where the large radius of the iodide may 

prevent the close approach of the dimer units.  This i s  not unexpected 

since even in M O ~ C ~ ~ ( P R ~ ) ~  there is severe crowding of the smaller 



chlorine atoms. Two possible structures fo r  the iodide complex are  

shown in Figure 11-6, both of which have some precedence (22,23). 

Some of the reactions of these tetrameric c lus te rs  include 

complete loss of coordinated neutral ligands as i n  Mo4Cl8Lq (.L = C H ~ O H ,  

C4H80) and cleavage of the tetramer to  quadruply bonded dimers by donor 

1 igands. The loss of 1 igands to  produce> 6-MoC12 may. provide some 

insight into the s t ructure of th i s  material. The amorphous to  poorly 

c rys ta l l ine  6-MoC12 is  usually synthesized by reaction of quadruply 

bonded MO~(.OCCH~)~ with gaseous HCl (15). S ince  t r i a l  kyl phosphines 

react  w i t h  6-MoC12 t o  give back a quadruply bonded dimer, the s t ructure 

was presumed to contain dimeric units of metal atoms (15). However, 

the preparation of 6-MoC12 from a te t r amer ic  c lus te r  may indicate that  

the dimers are  present i n  an arrangement related to  the s t ructure of 

the tetramer, and the @-phase may actual ly  consist  of tetrameric units 

rather than dimers. In reactions of 6-MoC12 w i t h  phosphines, the 

fo.rmation of quadruply bonded dimers i s  consistent w i t h .  the reactions 

of tetramers w i t h  phosphines i n  which quadruply bonded dimers are  also 

produced. 

The easy cleavage of tetramers by donor ligands suggests tha t  an 

oxidative cleavage may be possible. Hydrogen was used in an e f fo r t  t o  

prepare a m~llt iply bonded dimer containing metal hydride bonds, b u t  

the tetramer was found to  be unreactive under the conditions used. 

The ava i l ab i l i t y  of t h i s  variety of tetrameric clusters  will  enable 

investigations into the i r  reac t iv i ty  and physical properties t o  



Figure 11-6. Possible structures. for M O ~ I ~ [ P  ( ~ I - C ~ H ~ ) ~ ] ~  
. . 



continue, There ex i s t  many poss ib i l i t ies  f o r  modifying the preparative 

reactions to  prepare higher clusters  and for  extending the synthetic 

procedures to  metals other. than molybdenum. 
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SECTION 111. PREPARATION AND STRUCTURE OF A RECTANGULAR 

TETRAMERIC TUNGSTEN CLUSTER . 



INTRODUCTION 

One of the greatest  obstacles to  the study of metal c lus te r  com- 

pounds has been the lack of systematic methods fo r  t h e i r  preparation 

( 1 2 )  Because new clusters  are  almost always discovered by accident, 

i t  i s  d i f f i c u l t  t o  assemble a ser ies  of isoelectronic and/or 

isostructural c lus te rs  fo r  investigations into bonding and reac t iv i ty  

trends. A notable exception i s  the well-studied class  of dimers 

containi ng quadruple metal -metal bonds, However, even these simp1 e 

clusters  provide an i l l u s t r a t ion  of the f rus t ra t ing  s ta te .  of  a f f a i r s .  

While the carboxylato dimers, M ~ ( . o ' ~ c R ) ~ ,  of chromium and molybdenum 

have been known f o r  many years, the tungsten analog has yet t o  be 

isolated despite many attempts to  do so (3,4) .  In l i g h t  of t h i s  

s i tuat ion,  i t  was of par t icular  in t e re s t  t o  learn whether a s tab le  

tungsten. analog to  the previously synthesized M O ~ C ~ ~ [ P ( ~ - C ~ H ~ ) ~ ] ~  

tetramer (5)  could be prepared, 

I t  was hoped tha t  the synthetic principles used in the molybdenum 

preparation would be d i rec t ly  applicable to  the tungsten case. This 

required the use of quadruply bonded tungsten dimers which could be 

caused to  undergo condensation to  tetramers by means of ligand 

dissociation. The preparation of dimeric W2C14[P(n-C4Hg)3]4 (4) was 

therefore modified t o  achieve t h i s  goal, and the desired tetramer, 

W4Clg[P(n-C4H9)3]4, was ( s o l a t e d  and s t ructural  l y  characterized. This 

synthesis was especially gratifying in t h a t  i t  represents one of the 

few cases where a par t icular  c lus te r  was prepared by a rational and 

systa~~d.L-i c method, 



EXPERIMENTAL 

, Materials 

The hand1 ing of samples and solvents was as described e a r l i e r  (5) .  

Analysis f o r  tungsten was performed by digestion of samples in basic 

hydrogen peroxide solution fol 1 owed by precipitation with n i t r i c  acid 

and gravimetric determi nation of NO3 (6).  Chlorine, carbon, and 
. . 

hydrogen analyses were performed as described e a r l i e r  (5), as were 

spectral measurements. 

Syntheses 

This compound was prepared by the reduction of WC16 w i t h  a 

s tn i  chiometri 9 amount of W(CO)6 in ref 1 uxing chlorobenzene ( 7 ) .  The 

product was stored i n  a nitrogen f i l l e d  glove box until  needed. 

WC14 (1.10 g ,  3.38 mmol 1, was mixed w i t h  25 mC tetrehydrof uran a t  

O°C, . and . 0.29% sodium amalgam (16.9 g ,  3.58 mmol Na) was added. Slow 

warming t o  25°C produced a yellow-green solution of w ~ c ~ ~ ( T H F ) ~  (4)  t o  . 

which tri-n-butylph~sphine (0.65 g ,  3.21 mmol ) was added, After. one 

hour, the orange-brown reaction mixture was again cooled t o  O°C, and 

sodi um amalgam '(16.3 g ,  3.46 mmol Na) was added. A dark green solution 

developed as  the temperature was' slowly ra ised  to  25OC. 
. . .  



The green tetrahydrofuran solution was f i l t e r e d  under nitrogen t o  

remove NaCl and mercury, and the solvent was removed in vacuo leaving -- 
a dark green residue. Extraction (under vacuum) of th i s  green sol id 

with n-hexane fo r  a few minutes gave a yeilow-green sol id and a green 

solution which was ' discarded. Further extraction o f .  the ye1 low-green 

sol id with n-hexane produced dark brown crystal  s of W4C18[P(n-C4Hg)3]4 

in the collection flask. The a i r  sensi t ive .product was obtained in 18% 

yield.  Anal. Calcd. for  b/4C18[P(n(C4Hg)3]4: W ,  40.22; C1, 15.51 ; 

. ' C ,  31.53; H ,  5.91. Found:, W ,  39.82; C1, 15.50; C ,  31.47; H, 5.88. 

X-ray Structure Determination 

Collection and reduction of x-ray data 

Crystals of W4Cl 8[P(n-C4Hg)3]4 were obtained direct ly from the 

preparative reaction. The crystal  chosen f o r  x-ray studies measured 

0.22 x. 0.34. x 0.20 mm and was sealed in a glass capi l lary under a 

nitrogen atmosphere. Data were collected using an automatic 4-circle 

diffractometer designed a t  Ames Laboratory (8 ) .  Fourteen reflections 

were chosen from w-osci 1 la t ion photographs a t  various valiues of chi 

and phi, and these were input in to  an automatic indexing program 

ALICE ( 9 ) .  The indexing provided two possible se t s  of cel l  

parameters, one monocl in ic  and one orthorhombic. Osci 1 la t ion photo- 

graphs about the principal axes in each system showed the orthorhombic 

cel l  to  be correct.  Fourteen intense, high-angle reflections were 

measured on the previously aligned diffractometer and used in a . l e a s t  

squares refinement to  obtain l a t t i c e  constants a t  25%: a = 26.990(9), 



b = 36.302(9), c = 14.293(6), V = 14,005(8). Mo Ka radiation was 

used, A = 0.71002A. 

Data were:col,lected to  28 = 50" using an w-scan technique. 

Standard reflections were, moni tored a f t e r  every 75 measurements, and 

the 'data were corrected for  the 10% decay i n  intensi ty.  The data were 

also corrected fo r  Lorentz-polarization ef fec ts ,  and an absorption ' .  

correction was made based on $-scans of a strong reflection a t  x = 90" 

( p  = 73.3 cm-l). All reflections in one octant of the reciprocal cel l  

were read until ,  i t  became obvious tha t  the ce l l  was a t  l eas t  C-centered, 

a f t e r  which time only h+k = 2n reflections were sampled. Observation 

of only reflections of the type h k a  (h+k.  = 2n, k+a = 2n); OkR 

(k+R = 4n);. h0R. (h+R = 4n); hkO (h+k = 4n) uniquely determined the 

space group as Fddd. Several apparent viol ations of the ext inc t ion  

conditions were found to be due to  the close proximi'ty of very intense 
, , . . 

reflections which happened t o  t a i l  ,into the area sampled as a separate 
. . 

data point. There were 7,831 ref lect ions collected i n  one octant of 

which 4674 were symmetry ext lnct ,  and an additional 1354 were 

considered unobserved ( I  < 30~). After averaging, 1803 unique 

reflections were used in the refinement. 

Structure solution'and refinement 

Debye-Scherrer powder patterns of ~ o ~ C l ~ [ P ( n - C ~ t i ~ ) ~ ] ~  and 

W4C18[P(n-C4Hg)3]4 indi'cated tha t  the two co~~ipuunds were probably 

isomorphous. Additional ly ,  incorrect monocl in ic  cel l  parameters'. known 

f o r  the molybdenum tetramer closely matched those for  the monocl in i c  

cel l  seen fo r  w ~ c ~ ~ [ P ( ~ - c ~ H ~ ' ) ~ ] ~ .  , The heavy atom posi t ions known for  



M O ~ C ~ ~ [ P ( ~ - C ~ H ~ ) ~ ] ~  (10) were therefore transformed to orthorhombic 

coordinates and found to give a satisfactory refinement for 

W4Cl g[P (n-C4Hg)3]4. This produced a unit cell containing eight cluster 

molecules. Light atoms were located from electron density maps 

obtained through successive least-squares. refinements where the 
2 minimizing function was Z w (  1 FoI - I F c ( )  , and w = 1 The scattering 

factors were those of Hanson e t  al-. ( l l ) ,  modified for the real and 

imaginary parts of anomalous dispersion (12). Carbon atom positions 

were generally poorly defined, becoming more so for atoms a t  the ends 

of the alkyl chains. This problem was aggravated by the disordering of 

several of the carbon atoms. Since these l ight  atoms had l i t t l e  

bearing on the overall structure refinement and since the heavy atoms 

were. determined precisely, a low temperature, structure determination 

was deemed unnecessary. A final difference map revealed several areas 

of residual electron density (22 e-/R3) near the carbon atom positions 

and in concentric rings about the tungsten atoms. Neither of these 

was unexpected nor considered a serious flaw in the solution. The 

final discrepancy factors were R = 0.063 and - 0.078. 

Positional and thermal parameters are given in Tables 111-1 and 2 ,  . . 

and an ORTEP drawing of the molecule i s  shown in Figure 111-1 .. Bond 

distances and angles are ' l is ted in Table 111-3. 



4 Table 111-1 . Positional parameters (x10 ) for w ~ c ~ ~ c P ( ~ - c ~ H ~ ) ~ I ~ ~  

Atom x Y z 

a ~ s t i m a t e d  'standard deviations are  given i n  parentheses. for  the 
l a s t  s igni f icant  f igures.  



4 Table 111-2. Thermal parameters ( X I O  for W ~ C I ~ [ P ( ~ - C ~ ! ~ ) ~ I + ~ ' ~  . . . - - -. . 

Atom '1 1 822 '33 '1 2 '1 3 '23 

2 2 a ~ i  j are  defined by T = exp[- ( h  Bl + k 822 + e B33 +2hkB12+ 
2heB13'+ 2 k ~ 8 ~ ~ ) 1 , * .  

. . 

b~st imated  standard deviations are  given i n  parentheses fo r  the 
l a s t  s ignif icant  figures.  

2  C ~ s ~ t r ~ p i ~  temperature fac tors ,  B. are given in 1 . 



Figure I 11-1 . Structure of ' the W4Clg[P(n-CiHg)3]4 molecule with 
numbering scheme. for atoms shown. Atoms are represented 
by thermal el 1 ipsoids scaled t o  50% of the electron 
density except for C(24A) a n d ~ ( 1 4 )  which are shown a t  
B = 15.0. Atoms with l e t t e r  designations A and B 

indicate disordered positions with occupancy factors of 

0.6 and 0.4, respectively. 



Tab1 e 111-3. Bond dis tances ( A )  and angles ( " )  f o r  w ~ c ~ ~ [ P ( ~ - c ~ H ~ ) ~ ] ~ ~  
- 

D i  stances 

W-.W 
w - W  
W-Cl(1) 
W-Cl(2) 
W-Cl(2) 
W-P 
P-c(11) 
P-C (21 ). 
P-C(31) 
C(l1)-C(12) 
C(12)-C(13) 

W-W-W 
W-W-Cl(1) 
W-W-Cl(1) 
W-W-Cl(2) 
w-W-Cl(2) 
W-W-Cl(2) , 

W-W-Cl(2) 
W-W-P 
W-W-P 
Cl(1)-W-Cl(2) 
C l (1  )-W-Cl(2) 
Cl(2)-W-Cl(2) 
C l ( 1  )-w-P, 
Cl(2)-W-P 
Cl(2)-W-P 
W-Cl(2)-W 
w-P-c(11) 
W-P-C(21) 
W-P-C(31) 

Angles (middle atom i s  ve r tex )  

C (1 1 ) -P-C (21 ) 
C(21 )-P-C(31) 
C(31)-P-C(11) 
P-C(11 )-C(12) 
C(11)-C(l2)-C(13) 
C(12)-C(13)-C(14) 
P-C (21 ) -C (22A). 
P-C(21)-C(22B) 

a ~ s t i m a t e d  standard dev ia t ions  a re  g iven i n  parentheses f o r  t he  
l a s t  s i g n i f i c a n t  f i g u r e s .  



RESULTS 

Syntheses and Characterizations 

In the synthesis of the tungsten tetramer: the reduction of WC14. 

w i t h  sodium was carrled. out i n  two steps.. I n i t i a l l y ,  the W(II1) dimer, 

. : W2C16(THF)4, was formed, and t h i s  was reduced fur ther  bo the W(I1). 

tetramer a f t e r  the addition of tri-n-butylphosphine, Such a 

2 WC14 + 2 Na/Hg - THF > W2C16(THF)4 + 2 NaCl 

W2C16(THF)4 + 2 PR3 - > W2C16(THF)2,(PR3)2 + 2 THF 

2 W2C16(THF)2(PR3)2 + 4 Na/Hg - > W4C18(PR3)4 + 4 NaCl + 4 THF 
. . 

step-wise reduction was not s t r i c t l y  necessary since the tetramer could 

also be isolated by a one s tep reaction of 'WC14, tri-n-butylphosphine, 

and sodium. This procedure, however, produced only about one-half the 

yield of the two step process. Regardless of the method of preparation, 

the yield of the tetramer was qui te  low. The major products of the 

reactions were therefore unknown, b u t  the intense green color of the 

solutions suggested tha t  tungsten dimers such as the blue-green 
1 

W2C14(PR3)4 (4) were major s ide products. Synthesis of the t r i e thy l -  

phosphine derivative proceeded i n  much the same manner, b u t  separation 

of the . .tetrameric . product from the green contaminant was not achieved 

because of the s imilar  sol .ubi l i t ies  o f  the two materials i n  most 

sol vents, 



The W4C18[P (n-C4Hg)3]4 c l  uster was much 1 i ke 

i n  many of i t s  physical properties. The tungsten c lus te r  was much more 

'reactive than the .molybdenum analog, and 'both solutions and sol id 

samples of w4Cl 8[P (n-C4H9)3]4 immediately decomposed upon exposure to  

a i r .  Like the molybdenum tetramer, the tungsten derivative was very 

soluble i n  solvents such as benzene, THF, and hexane. The f a r  infrared 

spectrum (Table 111-4) of the tungsten c lus te r  a lso displayed many bands 

due t o  metal-chloride vibrations jus t  as seen fo r  M O ~ C I ~ ( P R ~ ) ~  

tetramers (5) .  

As shown e a r l i e r  (5) ,  M O ~ C ~ ~ ( P R ~ ) ~  could be prepared d i rec t ly  from 

M O ~ C I ~ ( P R ~ ) ~  by reaction with Mo(CO)~. This procedure was a1 so 

attempted w i t h  W2C14(PR3)4, b u t  unfortunately, the tetramer was not 

produced, Instead, only a material containing carbon monoxide, v(C0) 

1935 cm-', 1840 cm", was isolated,  and t h i s  was not investigated 

fur ther .  Because w2clg4- and W2(02CR)4 are  unknown, the other estab- 

1 ished metliods (5) of tetramer synthesis were impossi b.le since they 

require these compounds as s ta r t ing  materials. 

Crystal Structure. 

The s t ructure of W4Cl,8[P(n-C4H9)3]4 i s  essent ia l ly  the same as the 

one known fo r  M O ~ C ~ ~ [ P ( . ~ - C ~ H ~ ) ~ ] ~  (10) and shpwn in-Figures.  111-1 and 2. 

A pa i r  of strongly bonded tungsten atoms 2.309(2)8, apart  a re  bonded to 

an identical pa i r  through long W-W bonds of 2.840(1)R. The nearly 

planar c lus te r  of metal atoms i s  bridged across each of the long edges 

of the rectangle by two chlorine atoms. Four terminal chlorine and 



Table 111-4. Infrared spectra (cm-' ) of tetrameric c l  usters 200 cm-' 

to  400 cm- ' (s = s t rong,  m = .rnedi ym) . . 

334 ( s )  

305 ( m )  

288 ( s )  

270 (.s) 

356 (s) 

332 (m) 

315 (m) 

280 ( s )  



Figure 111-2. Structure of the !d~C18[P(n-C4tig)3]4 molecule with 

carbon atoms omitted. Atoms are represented by 

thermal ellipsoids scaled to 50% of the electron 

density 



phosphorus atoms are  arranged so as t o  give the molecule D2 symmetry. 

The mol ecul e i s  crystal  lographically constrained t o  t h i s  D p  symmetry, 

and a1 though the tungsten atoms are  not required to  be coplanar, no 

metal atom 1 ies  more than 0.05H out of the best least-squares plane 

through them. As i s  the case fo r  Mo C1 [ P ( ~ I - C ~ H ~ ) ~ ] ~ ,  the molecule i s  
4 8 .  

s te r ica l  ly crowded as shown by the close nonbonding 'contacts between 

C1 and P atoms l i s t e d  in Table 111-5. 

The poor refinement obtained fo r  the carbon atoms i s  a t t r ibuted 

to high l ibrat ional  movement of the a1 kyl chains. Given these circum- 

stances, the poor values fo r  distances and angles involving carbon 

atoms are t o  be expected. Bond distances and angles f o r  heavier atoms 

are  well w i t h i - n  the normal range of values observed i n  other compounds 

(Table 111-3) and compare we1 1 with. values obtained i n  the molybdenum 

derivatives (1 0 ) .  



Table 111-5.  onb bond in^ contacts (a) In w ~ c ~ ~ [ P ( ~ - c ~ H ~ ) ~ ] ~ ~  

a ~ s  timated standard deviations are given i n  parentheses for the 
last  significant figures. 

b ~ o t h  atoms bonded to the same tungsten atom. 

 toms l i e  opposite each other acrossthe short dimension of the 
W4 rectangle. 



DISCUSSION 

Earl i e r  work on the tetrameric molybdenum cl usters, M O ~ C ~ ~ ( P R ~ ) ~ ,  

had revealed tha t  the syntheses of dimeric Mo2C1 4(PR3)4  complexes could 

be modified t o  produce tetramers (5) .  T h i  s was accompl i shed by 1 owering 

the PR3:Mo reaction ra t io  t o  tha t  which was needed f o r  the production 

of tetramers. With the recent isolat ion of W2C14(PR3)4 compounds 

by Sharp and Schrock (4) ,  an opportunity arose to  apply this same 

technique. to  the tungsten tetramer synthesis. The preparation o f  

W2Clq(PR3)4 was somewhat d i f ferent  from the molybdenum dimer synthesis 

i n  . . t ha t  W2C14(P~3)4 was prepared by reduction of a W(II1) dimer while 

M o ~ C I ~ ( P R ~ ) ~  was prepared by 1 igand subs t i tu t ion  of a Mo(1l) dimer. 
. . 

Even so, lowering the PR3:W reaction r a t i o  produced the desired resul t .  

, W2C14(PR3)4 + 2 HaCl W2C16(THF)4 + 4 PR3 + 2 ~ a ( ~ g )  - 

W ~ C I ~ ( T H ' F ) ~  + 2 PR3 + 2 Na(Hg) - > 1/2 W4C18(PR3)4 + 2 NaCl 

As expected, the tungsten tetramer exhibited t h e  same structural  

features already observed in the analogous molybdenum tetramer. The 

short W - W  distances o f .  2.309(2)1( a re  appropriate f o r  metal-metal t r i p l e  

bonds, which can range from 2.25 - 2.30' 1( in ~ ( 1 1 1 ) '  dimers (13). Even 

t h o u g h  ;he long W-W distances of 2.840(1)8, suggest rather  weak single 

bondlng interactions between the metal atoms, they are  cer tainly 



s h o r t e r  than the  known W-W s i n g l e  bond l e n g t h  o f  3.222(1 )a found f o r  

(C5H5)2W2 (C0)6 (14).  Other i n d i c a t i o n s  o f  an a t t r a c t i v e  f o r c e  between 

the  t r i p l y  bonded dimers i n c l u d e  the  acute W-C1 -W b r i dge  angle o f  72.3" 

and the  displacement o f  the tungsten atoms toward the  p lane o f  t h e  f o u r  

b r i d g i n g  atoms as seen i n  F igu re  111-3. L i k e  , the  molybdenum d e r i v a t i v e ,  

t he  W4Clg[P(n-C4Hg) molecule conta ins  some very  s h o r t  nonbonding 

contac ts  between c h l o r i n e  and phosphorus atoms (Table 111-5), and these 

seem a l s o  t o  be a  r e s u l t  o f  t he  bonding i n t e r a c t i o n  a long t h e  l ong  edge 

o f  t he  rec tang le .  

. . Some i n t e r e s t i n g  s t r u c t u r a l  comparisons can be made between 

W4C18[P(n-C4H9)3]4 and M O ~ C ~  8 [ ~  ( ~ ~ i 1 ~ ) ~ 1 ~  (Table I 11-6). The most 

obvious a r e  the d i f f e rences  i n  t he  metal-metal d is tances i n  t he  two . . 

compounds. While the  s h o r t  metal-metal  bond i s  lengthened i n  t h e  

tung.sten de r i va t i ves ,  t he  long bond appears t o  have strengthened and i s  

s h o r t e r  than i n  t h e  molybdenum tet ramer.  These changes i n  metal-metal 

bond d is tances a re  respons ib le  f o r  several  o the r  d i f f e r e n c e s  i n  bonding 

and nonbonding contac ts  i n  t he  molecules. The shor ten ing  of t he  l ong  

metal-metal bond causes the  tungsten atoms t o  1  i e  1.428, f rom the  p lane 

o f  t he  f o u r  b r i d g i n g  c h l o r i n e  atoms a n d  1.708, f rom t h e  p lane o f  t he  

te rmina l  1  igands, w h i l e  i n  M O ~ C ~ ~ [ P ( C ~ H ~ ) ~ ] ~  these d is tances  a re  1.45A ' 

and 1  .73A, respec t i ve l y  (F igure  I 11-3). Narrowing o f  t h e  M-Cl-# 

b r i dge  angle from 74" i n  ,the molybdenum te t ramer  t o  72" i n  t he  tungsten 

compound i s  a l s o  cons i s ten t  w i t h  the  s h o r t e r  bond between the  metal 

atoms i n  w ~ c ~ ~ [ P ( ~ - c ~ H ~ ) ~ ] ~ .  The metal -b r i dg ing  c h l o r i n e  d is tances  are  

the  same i n  bo th  compounds, b u t  t h e  metal - te rmina l  c h l o r i n e  distances, 



PLANE I PLANE 2 

Figure 111-3. Distances (i) o f  tungsten atoms from least-squares 
pl  anes in W4C 1 g[P(n-C4Hg)3]4, Angle between 
Plane 1 and Plane 2 i s  0.0" 



Table I 11-6. Comparisons of mol ecul ar dimensions of W4Cl 8[P(n-C4Hg)3]4 

and MO~C~~[P(C~H~)~]~. Distances in angstroms ( R )  , angles 
-in degrees ( O )  

Type bond or angle '4' ' 8'4 Mo4C 1 8P4 

short CI-M 2.309 (2)' 2.21 1 (3) 

long M-M 2.840(1) 2.901 (2) 

M-Cl (bridge) 

M-Cl (terminal ) 2.400(5) 2.425(5) 2.421 (6) 
. . M-P 2.530 (5) 2.558(6) 2.556 (7) 

M-Cl ,,-M 72.3(1) 75.2(2) 73.7(2) 

Cl b-M-Cl ,, 102.8(2) 100.5(2) 100.4(2) 

M-M-M . 69.93 (3) 90.6(1) . 89.4(1) 



have decreased s l ight ly  from 2.428, in the molybdenum tetramer to  2.408, 

in the tungsten compound. The metal-phosphorus bond lengths have also 

decreased s l i g h t l y  I n  the tungsten compound. - I t  i s  d i f f i c u l t  to  say 

whether these changes i n  metal-terminal ligand bonds are  s ignif icant  

since the molecular symmetry and alkylphosphine ligands a re  d i f fe rent  

i n  the two compounds. 

An examination of the nature of the bonding in these tetrameric 

clusters  provides one possible explanation f o r  the observed changes in 

the metal-metal distances on..going from molybdenum to tungsten. As 

discussed e a r l i e r  ( 5 ) ,  the long metal-metal interactions may be 

at t r ibuted to  the o-type overlap of orb i ta l s  formerly involved i n  

6-type overlap in the quadruply bonded dimers. These o rb i t a l s  then 

have both a and 6 character, the 6 acting along the short  edge of the 

tetramer and the o along the long edge (Figure 111-4). Because of the 

contraction of the W-W long bond, the b bond i s  presumed' t o  be stronger 

in the tungsten derivative. Likewise, a strong o par t ic ipa t ion  

necessarily decreases the electron density available fo r  6 bonding, and 

the slior't.'W-W distance i s  seen to  increa'se, s l  ightly i n  the tungsten 

tetramer. Apparently, fo r  as yet  unknown reasons, 6 bonding i s  not as 

important for  tungsten tetramers as i t  i s  fo r  molybdenum,tetramers, and 

therefore, very l i t t l e  6 bonding beJween tungsten atoms occurs in this  

compound. This same behavior a lso manifests i t s e l f  i n  the metel-metal 

bond distances of molybdenum and tungsten' dimers. Unbridged dimers are 

known f o r  both molybdenum and tungsten in +2 and +3 oxidation s t a t e s  

( 1 3 1 )  On. going from a Mo(l1T) dimer, which does not have electrons 



F i g u r e  111-4. Metal  o r b i t a l s  i n v o l v e d  i n  6 a n d  a bonding  i n  
t e t r a m e r i c  cl u s t e r s  



to  populate the &-bonding orbi ta ls ,  to  Mo(I1) dimers containing a 6 

bond, there i s  a noticeable contraction in the metal-metal distance from 

about 2.208. to  2.141((16). Although data are  somewhat limited f o r  the 

tungsten case, a similar contraction i s  not  evident. The bond distances 

i n  unbridged W(II1) dimers (13) average 2.291 and contract only 

s l ight ly  to  about 2.288. in unbridged W(I1) dimers with a 6 bond (17). 

The inabi l i ty  of tungsten to  form strong 6 bonds i n  these dimers i s  

therefore consistent with the stronger a bonding along the long edge of 

the tungsten tetramers. 

Since the bonding in W4C18[P(n-C4Hg)3]4 i s  similar to  tha t  of the 

molybdenum derivative, the uv-visi ble spectra,  should a1 so be similar.  

The spectrum of W4C18[p(n-C4Hg)3]4 shown in Figure 111-5-resembl es tha t  

of M O ~ C I ~ ~ [ P ~ ~ - C ~ H ~ ) ~ ] ~  except . . for  the absence of t h e  prominent band a t  

435 nm. In the tungsten compound there are ,  however, shoulders a t  

315 nm, 410 nm, and 465 nm, one .of which may correspond to  the 435 band. 

The changes In the spectra on going from molybdenum t o  tungsten suggest 

tha t  the 435 nm band of the molybdenum derivative i s  due to  t ransi t ions 

from the long a-bonding orbi ta ls  since these are  the orb i ta l s  most 

perturbed by the structural changes, The complete lack of a strong 

6-6* t ransi t ion a t  500-600 nm lends support to  the existence of the long 

W-W bond, and the possibi l i ty  of independent quadruply bonded dimers i s  

thus discredited. 

The preparation of t h i s  tungsten tetramer was especial ly  valuable 

i n  tha t  i t  was shown tha t  techniques used f o r  molybdenum clus ter  

syntheses could be applied to  other 'metals,  I t  now seems possible tha t  
. . 



nrn 
Figure 111-5. Electronic absorption spectra of W4C18[P(n-C4Hg)3]4 and 

M O ~ C ~ ~ [ P ( , ~ - C ~ H ~ ) ~ ] ~ .  Solution concentrations not 
deterrriirled 



tetramers containing s t i l l  other metals might be prepared by similar 

techniques. Much work remains t o  be done on the react ivi ty of these 

clusters ,  especially i n  regard t o  possible ca ta ly t ic  ac t iv i ty ,  which 

would invol've reactions a t  the multiple metal-metal bond centers. 
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SECTION I V .  STRUCTURE OF A TUNGSTEN DIMER WITH A BOND ORDER 

OF 3 1/2 



INTRODUCTION 

2 - Since 1964 when i t  was recognized t h a t  Re2Clg , possessed a 

quadruple Re-Re bond (1 ), the study o f  compounds w i t h  t r i p l e  and quad- 

r up le  metal -metal bonds has increased considerably u n t i  1 today 

hundreds o f  such complexes o f  C r ,  Mo, W ,  Tc, Re and 0s are known (2-4). 

2 4 x * y  These m u l t i p l y  bonded dimers have e lec t ron ic  conf igurat ions o f  a IT fi 6.. 

where x and y vary from 0 t o  2 t o  g ive bond 0rde. r~  o f  3 t o  4 (3,5). 

Nonintegral bond orders o f  3 112 r e s u l t  f o r  ~ e ~ ~ +  and ~c~~~ dimers 

which have 02n4626*1 conf igurat ions (3) .  Molybdenum a lso forms dimers 

w i t h  metal-metal bond orders o f '  3. 112, bu t  i n  these cases, the loss of 

a 6 bonding e lec t ron produces the h a l f - f i l l e d  o r b i t a l  (2) .  With the 

synthesis of the new dimer described here, .tungsten can be added t o  the 

l i s t  o f  metals which form metal-metal bonds o f  order 3 112. 

, While tungsten i s  known t o  form complexes w i t h  quadruple metal- 

metal bonds, these dimers have no t  been we1 1 studied. The, unbridged 

w ~ ~ *  dimers cha rac te r i s t l ca l  l y  have W-W bond distances which are longer 

than expected (61, and some, such as W2Clg-x(CH3)x, are thermal ly 

unstable as we l l  (7 ) .  Other types o f  tungsten dimers which do possess 

shorter  metal-metal bond lengths u t i l i z e  l igands o f  the type shown i n  

Figure IV-1 (8). An example i s  the anion o f  2-methyl-6-hydroxypyridine 

(mhp) where the b identate  b r idg ing  1 igands i n  W2(mhp)4 ( ~ i g u r e  IV-2) 

produce a dimer w i t h  a W-W distance o f  on ly  2.161 (1 )fi (9). ~ h b  

s t a b i l i t y  o f  these bridged dimers i s  .due i n  p a r t  t o  the blocking group 

y which protects  the compound from a x i a l  a t tack.  , 



carboxy Iates 

Figure IV-1. Ligand ring systems which produce short  W-W bonds 
compared to  carboxyl a tes  



Figure IV-2. Structure o f  W2(mhp)4 



Since the electronic s t ructure of these tungsten dimers i s  pre- 

sumed to  be similar to  tha t  of quadruply bonded molybdenum dimers, the 

2 4 1  existence of the new W2C12(mhp)3 dimer with a o n 6 configuration i s '  

not surprising. Indeed, tungsten was previously known to  par t ic ipate  

in such a bonding scheme with molybdenum in the heteronuclear dimer 

M O W ( O ~ C R ) ~ I  (10). I t  i s  perhaps s ignif icant  tha t  the tungsten compound 

was derived from the more s tab le  type of bridged tungsten dimers. 

Whether the unbridged dimers can also sustain a strong metal-metal bond 

upon one electron oxidation' remains to  be seen. 

The W2C12(mhp.)3 dimer promises to  have an interest ing redox 

chemistry. Cyclic voltammetry studies have shown tha t  a reversible 

one-electron reduction is possible, and oxidation to  a t r ip ly  bonded 

species might a l so  be feasible .  The cis disposition of the chlorine 

atoms in W2C12(mhp)j i s  intriguing since displacement of C1 by other 

ligands might enable chemical reactions to  occur a t  two metal s i t e s  .. 

simultaneously. Such a s i tua t ion  has very desirable implications 

fo r  ca ta ly t ic  processes. 



EXPERIMENTAL 

.Material s 

Hand1 ing of samples and solvents as we1 1 as the methods used f o r  

elemental analyses were described earl  i e r  (1 1 ) , 

Physical Measurements 

UV-visible and infrared spectra were obtained in the same manner 

as s e t  for th ea r l i e r  (11). 

Electron paramagnetic resonance spectra were measured on a 

Bruker ER-220. X-band spectra (%3800 G) were obtained a t  25" fo r  

powdered samples and referenced against a DPPH standard. 
' Cyclic voltammetry measurements were made using a PAR Model 175 

Universal Programmer and a Model 173 Potentiostat/Galvanostat in 

conjunction with a Moseley Autograph 2D-2 X - Y  recorder. Voltages were 

measured a t  a platinum disk electrode, and a l l  reported values a re  i n  

reference to  the saturated sodium chloride-calomel electrode (SSCE). 

Voltamnograms were obtained f o r  dry, deaerated CH2C12 solutions which 

had been made 0.2 M in the supporting e lec t ro ly te ,  tetra-n- 

butylamrnonium tetrafluoroborate. 

.Conductivity measurements were made with a Leeds and Northrup 

Model 4866-60 r e s i s t i v i t y  bridge connected to  the pol ished platinum. 

electrodes of the conductivity c e l l .  Readings were obtained fo r  aceto- 

n i t r i l e  solutions of the dimer which were handled under a nitrogen 

atmosphere a t  a l l  times. 
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Syntheses 

This dimer was prepared according t o  published procedures, except 

about 114 the  amount of diglyme solvent  was used ( 9 ) .  

AlC13 (2.50 g, 18.7 mmol) was placed i n  a 100 m l  f l a s k  under. a-: 

ni trogen atmosphere, and 40 mL diglyme, which had been cooled t o  O°C, 

was slowly added. W2(mhp)4 (3.00 g ,  3.75 mmol) was added t o  the  

diglyme so lu t ion ,  and t h e  mixture was s t i r r e d  under n i t rogen . fo r  10 

hours a t  80°C. A rust-brown sol . id was f i l t e r e d  from the  react ion.  

mixture and washed with a few mL of cyclohexane. This crude product 

was ext rac ted  i n  vacuo with methyl ene ch lo r ide  t o  produce orange-brown 

c rys ta l  1 ine WZC12(mhp)3*CH2C1 i n  67% y i e l d .  Anal. Calcd. f o r  

W2C12(C6H6N0)3*CH2C12: W ,  43.37; Cl,  8.36; C ,  26.91; N ,  4.96; H y  2.38. 

Found: W ,  43.33; C1, 8.76; C ,  27.00; N ,  4.96; .Hy,2.39. The ana lys i s  

f o r  ch lo r ine  includes only t h e  ch lo r ine  contributed by W2(mhp)3C1.2 

s ince  the  CH2ClZ s o l v a t e  was not re ta ined when t h e  sample was decom- 

posed f o r  ha l ide  ana lys i s .  

The oxidation s t a t e  of tungsten i n  t h i s  compound was determined a s  

follows: A so lu t ion  0.05 M i n  (NM4)Fe(S04)2 and 1.0 M i n  H2SO4was 

dcgasscd, and the  W2C1 (mh~)~n,CH~Cl  was added under a n i  trngpn 

atmosphere. The so lu t ion  was warmed t o  about 80°C f o r  45 minutes, 

which resu l t ed  i n  oxidation of a l l  tungsten t o  W(VI), and t h e  Fe(I1) 
. . 



formed.was t i t r a t e d  with standard Ce(1V). solution. The net oxidation 

s t a t e  fo r  tungsten was found t o  be 2.55 + 0.10. 

X-ray Structure '~e termi  nition 

Collection and reduction of x-ray data 
' 

A crystal  of dimensions 0.24 x 0.26 x 0.11 mm was obt.ained.from the 

preparative. reaction, and th i s  was mounted under nitrogen i n  a glass 

capi 1 lary fo r  the structure determination. Data were col 1 ected using 

an automatic 4-circle diffracfometer' designed a t  Ames Laboratory (12). 

In i t i a l  w-oscil lation photographs a t  various values. of chi and p h i  were 

used to i n p u t  12. reflections in to  an automatic indexing program,. 

ALICE (1 3 ) .  The indexing indicated orthorhombi c symmetry and gave 

l a t t i c e  parameters which were confirmed by w-oscillation photographs 

about each axis. Eleven intense, high angle reflections were measured 
. . 

on the previously aligned diffractometer, and these were used in a 

l eas t  squares refinement to  accurately determine the l a t t i c e  constants 

a t  25°C: a = 13.150(6), b = 21.24(1), c = 8,.738(4), V = 2,440(2). 

Mo Ka radiation was used, 1 = 0.71002~. Flotation density measurements 
. . 

provided a value of z = 4. 

Data were collected to 20 = 50". Four .standard ref lect ions which 

were monitored a f t e r  every 75 measurements showed negl igi  bl e decay, and 
. . . . 

no correction of the data was needed, Many ref lect ions were found t o  

be quite broad, so a scan half width of 0.8' w was used fo r  data 

collection to , insu re  the whole peak was measured. Of the 9,802 

reflections collected over four octants ( h k ~ ,  f ib,  KkE, h k l ) ,  1,922 
, . 



were considered unobserved ( I  < 3 o I ) ,  and ' a f t e r  averaging, 21 22 unique 

reflections were used in the. refinement.' The data were corrected fo r  

Lorentz-polarization ef fec ts ,  and an ,absorption correction was made 

( = 103.9 cm"). Systematic extinctions i n  the data s e t  f o r  hOO, 

h = 2n+l; OkO, k = 2n+l; OOk, R = 2n+l defined the space group as 

Structure solution and refinement 

' A  Patterson function was used to  locate the positions of two unique 

tungsten atoms i n  the u n i t  c e l l .  The l i g h t  atom positions were located 

from electron density maps obtained through successive least-squares 

refinements. The minimizing function was 1 w ( ( F 0  1 -  IFc where 
2 w = l/oF The scattering factors were those of Hanson e t  a1 . (14) modi- 

f ied  for  the real and imaginary parts of anomalous dispersion (1 5 ) .  

A1 1 'atoms were refined ani sotropical ly except the CH2C1 solvate 

whose 1 arge i sotropl c temperature factors were probably due to 

l ibrat ional  motion of the occluded molecule.' Refinement on the atom 

multipliers for  these solvate molecules showed the s i t e  . . t o  be fu l ly  
3 occupied. A f inal  difference map produced areas of 3e-/1 a t  the, 

s i t e s  of the tungsten atoms, b u t  no other s ignif icant '  features were, 

found. The discrepancy factors  were R = 0.066 and = 0.090. 

.,Inversion of the atom coordinates from (x,y,z) t o  ( i , , j , z )  gave di.s- 

crepancy factors of R = 0.058 and R,,, - 0.080. Final full-matrix 

refinement d i d  not change these values. 



Positional and thermal parameters are given in Tables IV-1 and 2 ,  

and an ORTEP drawing of the molecule i s  shown in Figure IV-3. 

Distances and angles are l is ted i n  Table IV-3. 



4 Table IV-1. Positional parameters ( x 1 0  ) for W2C1 Z(mhp)3-CH2Cl.2 a 

Atom x Y .z 

a~stimated standard deviations are given in parentheses for ' the 
last significant digits. 



Tab1 e IV-1. (Continued) 

Atom x Y z 



Table IV-2. Thermal paremeters (x lo4)  for W ~ C I  2 ( m h P ) 3 * ~ ~ 2 ~ 1  2a'b 

Atom 

'~stimated standard deviati ons are given i n  parentheses for the 
last significant digits. 

2 2 b ~ i  j are defined by T = exp[- ( h  B1 + k Be2 2 
+ 2 B33 + 2hkB12 + 

2heB13 + 2keB23)l. 



Table IV-2. (Continued) 

A tom 

2 
. . C ~ s o t ~ o p i c  temperature factors, B,  are given i n  8. . 



Figure 111-3. Structure of the W2C1 2 ( m h p ) 3  molecule with numbering 

scheme fo r  atoms shown. Atoms are  represented by 

thermal e l l ipso ids  scaled t o  50% of the electron 
dens i ty 



Table IV-3. Bond distances (1) and angles ( O )  f o r  W2C12(mh~)3*CH2C12 

. . 

Distances 

2.214(2) 
2.370 (8) 
2.05(2) 
2.06(2) 
2.16(2) 
2.365(7) 
2.02(2) 
2.16(2) 
2.13(2) 
3.70(1) 
2.28(3) 
1.28(3) 
1.40(4) 
1.42(4) 
1.40(4) 
1.39(4) 
1.38(4) 
1.38(4) 
1.48(4) 

Angl es 



RESULTS 

Syntheses and Characterizat ions 

Previous work (16) has described methods by which. ha1 ides may be 

subst i tu ted f o r  acetate groups i n  M o ~ ( O ~ C C H ~ ) ~ .  These methods can be 

used t o  prepare t r i a l  k y l  phosphine der i va t i ves  o f  quadruply bonded 

molybdenum dimers as shown by the equation 

Since W2(02CR)4, compounds have no t  y e t  been iso la ted,  appl i cat ion  of 

t h i s  type o f  synthesis t o  tungsten compounds i s  no t  possible, There 

does ex is t ,  however, a c lass o f  compounds w i t h  l igands s i m i l a r  t o  

acetates i n  both e l ec t ron i c  s t ruc tu re  and chelat i 'ng geometry which are 

shown i n  Figure I V - 1 .  Extension o f  the . c h l o r i ne  . s ubs t i t u t i on  react ion : 

t o  these compounds seemed an idea l  method f o r  the d i r e c t  preparat ion of 

W2Cl 4(PR3)4 dimers. Unfortunately, reac t ion  o f  W2(mhp)4 w i t h  A1 C1 i n  

the presence o f  tri a1 k y l  phosphi ne d i d  no t  produce the desi red complex. 

Instead, a product contain ing no t r ia lky lphosphine was iso la ted.  

Subsequent syntheses omit ted the phosphine from, the react ion,  and the 

compound f i n a l l y  obtained was found t o  be a new dimer, W2C12(mhp)r 

No products o ther  than the tungsten dimer were characterized. 



The crystal  l i ne  product i s  moderately a i r  sensi t ive,  darkening 

a f t e r  a few minutes exposure to  the laboratory atmosphere, ~ h ' i s  i s  in 

contrast  t o  t h e  W2(mhp)4 dimer which is  nearly a i r  s tab le  (9 ) .  

Solutions of W2C12(mhp)3 i n  tetrahydrofuran, acetoni t r i , l e ,  o r  methylene 

chloride are even more a i r  sensi t ive.  

Except fo r  an extra band a t  321 cm-l, the infrared spectrum of 
-1 . 

W2C12(,mhp)3 i s  qui te  similar to  W2(mhp)4 (Table IV-4). The 321 cm. ..: 

band must a r i se  from one of the two W-C1 stretching vibrations which 

are  IRact ive ,  and the strong band 289 cm" suggests t h e o t h e r  may l i e  

The extremely low conductivity of ace ton i t r i l e  solutions 
2 (Am Q 2 ohm-' cm molesp') showed t h a t  W2C'12(mhp)3 was not a n  ionic 

compound. Therefore, the molecular formula requires tha t  W2C12 ( ~ n h p ) ~  

be paramagnetic. A1 though no magnetic suscepti bi 1 i t y  data have been 

obtained t o  date, the EPR spectrum of the powdered so l id  did present a 
. . 

strong band with g = 1.842. The signal was a featureless  band, about 

800 G wide, which was only s l ight ly  asymmetric, 

Cycl F c vo l  tarm~ograms have been obtained f o r  W2C1 2(mhp)3 i n  

methylene chloride. A quasi-reversi ble reduction occurs a t  

Elj2 = -0.7 V vs. SSCE (.E - E  > 60 mv, i / i  = 1 )  This wave .p;c p,a P , C  p,a 
presumably involves addition of an electron t o  the ha l f - f i l led  6 bonding 

orbi ta l  of the dimer. Slow voltage.sweep ra tes  have shown tha t  the 

reduced species i s  s table  f o r  a t  l e a s t  90 sec. Additionally, an 

i r reversible  oxidation occurs a t  E - +0.3 V. 
Pya 



Table IV-4. Infrared spectra (cm'l ) of tungsten dimers 200 c f l  to 

400 cm-I (s = strong, m = medium, w = weak) 

W2C1 (mhp)3*CH2C1 

400 (m) 

386 (m) 

321 (s) 

289 (s) 

230 ( w )  

403 (m) 

388 (m) 

280 (m) 

240 ( w )  



Crys ta l  S t r u c t u r e  

The s t r u c t u r e  of W2C12(mhp)3, shown i n  F igure  IV-3, i s  1 i ke t h a t  

of W2(mhp)4 ( 9 )  (F igu re  IV-2) except  t h a t  one o f  t h e  br idg ing  l i g a n d s  

has been rep laced  by two c h l o r i n e  atoms, The d i s p o s i t i o n  o f  the 

remaining t h r e e  b i d e n t a t e  l i gands  is such t h a t  t h e  methyl groups o f  

two mhp l i gands  a r e  l o c a t e d  o f f  one end of t h e  molecule and t h e  t h i r d  

is  he ld  over  t h e  oppos i t e  end, just a s  i n  the p a r e n t  compound. 

Although no symmetry i s  imposed upon t h e  molecule by i t s  c r y s t a l l o -  

g r aph ic  s i t e ,  t h e  compound has v i r t u a l  Cs symmetry. So lva t e  methylene 

c h l o r i d e  molecules a r e  t rapped  i n  pockets  between t h e  dimers and do not  

i n t e r a c t  wi th  them. 

Bond d i s t a n c e s  and angles  (Table  IV-3) i n  t h e  1 igand r i n g s  a r e  

comparable t o  t h o s e  found f o r  W2(mhp)4 (9 ) .  The two W-Cl bond 

d i s t a n c e s  a r e  w i th in  one s t anda rd  d e v i a t i o n  of each o t h e r  a t  2.311. A 

s t r o n g  metal-metal bond is  p re sen t  i n  t h i s  molecule a s  shown by t h e  

W-W bond d i s t a n c e  a t  2.214(2)V\. 



DISCUSSION 

There a re  two points of in t e re s t  concerning the synthesis of 

W2C12(mhp)3. The f i rs t  i s  tha t  whi,le AlC13 reacts very rapidly w i t h  

M o ~ ( O ~ C C H ~ ) ~  to  give chloride substi tuted Mo(I1) dimers, complete 

replacement of mhp ligands is not achieved fo r  the tungsten dimer. The 

ine r t  substi tution behavior o f  the compound gives an indication of the 

a f f in i ty  of the mhp ligands fo r  the dimeric metal u n i t .  In f a c t ,  the 

only known .reactions which accompl i sh complete replacement of mhp-type 

ligands always r e su l t  i n  oxidation of the tungsten di,mer as well (17,18). 

The substi tution of one bridging ligand of W2(mhp)4 by two chlorine 

atoms i s  also accompanied by oxidation. The second.noteworthy aspect ' .  

of the synthesis is tha t  the nature of the oxidizing agent is unknown. 

Since a l l  syntheses have produced yields  greater than 50%, i t  seems 

,unlikely tha t  a contaminant i n  the reagents could be a t  f au l t .  A more 
. . 

1 i kely oxidant i s  a chlorinated hydrocarbon' species which may form when 

A m 3  attacks the ether solvent (19). Nevertheless, the reproducibility 

of the preparation has been well established, and fur ther  investigation 

into this question has not been deemed essential  a t  t h i s  time. 

Proof tha t  W2C12(mhp)3 indeed possessed the w2=+ u n i t  was of prime 

importance, The oxidation s t a t e  determination as well as the non- 

ionic nature of the compound both agree with t h i s  assessment. In 

addition,.  the apparent paramagnetism as revealed by t h e  EPR measurements 
2 4 1  i s  consistent w i t h  a o n 6 configuration. Even fur ther  evidence i s  

avai lab1 e through comparison of the metal -metal bond 1 ength with similar 



compounds. Loss of one bonding electron from the 6 bonding orb i ta l  

should r e su l t  in some increase i n  the W-W distance. This i s  actual ly  

the case as W2(mhp)4 has a 2.161 (1 )i W-W separation (9), while i n  

W2C12(mhp)3 th i s  has expanded to  2.214(2)R. In the related isoelectronic 

M0(S0,4l4 
4-,3-' dimers, the ~ 0 ~ ~ '  separation i s  about 0.0541 longer than 

in the ~ 0 ~ ~ '  species (20), which compares well w i t h  the 0.0531 increase 

2 4 0 seen here. Tungsten(II1)' dimers w i t h  a a a 6 configuration would be 

expected to  have an even larger metal -metal separation, and although 

s t r i c t  comparisons are  d i f f i c u l t  because known dimers w i t h  t h i s  electron 

configuration do not have mhp-type 1 i gands , the metal -metal distances 

a re  longer a t  2.25 - 2.308 (3 ) .  

The structural features of the ligand ring systems a re  basically 

the same as  seen i n  the W2(mhp)4 compound. The question of which 

tautomeric form the anionic m h p  ligand prefers in these compounds has 
: .  

been addressed previously by Cotton e t  a1 . (9 ) .  Of the two tautomeric 

forms shown in Figure I-V-4, . i t  was concluded from the bond distance 

data tha t  an average of both types best described. the 1 igand charge 

dis t r ibut ion i n  Wp(mhp)4. Similar conclusions can be drawn from 

analysis of the s t ructural  data of W2C12(mhp)3. Unlike W2(mhp)4, 

however, W2C1 2(mhp)3 has the added possi bi 1 i t y  of charge separation in 

the molecule since the wQ5+ u n i t  can be considered as  a bJ3+-b12+ dimer. 
C 

2 4 1 3- ' 2 4 2 * 1  s t u d i e s  of M O ~ ( S O ~ ) ~ ~ -  (a a 6 ) and Te2Clg (a a 6 6 ) have shown 

tha t  the odd electron resides equally on bpth metals, and W2C12(mhp)3 

i s  expected t o  behave similarly.  However, any tendency of the 1 igands 
4 

to  prefer one tautomer over the other would also fnduce charge 



Figure IV-4. Anions o f  the tautomers o f  2-hydroxy-6-methyl pyri di ne 



separation i n  the w ~ ~ +  dimer. None o f  the bond distances suggest t h a t  

any s i g n i f i c a n t  charge separation occurs, although i t  i s  possible t h a t  

a p a r t i a l  t rans fe r  of charge may no t  cause observable s t ruc tu ra l  

changes. 

The di f ferences between the e lec t ron ic  s t ructures o f  W2C1 ( m h ~ ) ~  

and W2(mhp)4 are evident from a comparison o f  the uv -v is ib le  spectra o f  

the two compounds i n  Figure IV-5.  No .band assignments. have been ma.de 

for  e i t h e r  W2C12(mhp)3 o r  W2(.mhp)4, and considering the d i f f i c u l t i e s  

encountered w i t h  the e lec t ron i ca l l y  s i m i l a r  metal carboxylates (2), i t  

'would be po in t less t o  attempt band assignments w i t h  the l i m i t e d  data 

ava i lab le  here. 

There are many features o f  t h i s  dimer t h a t  warrant f u r t h e r  study. 
, . 

Electrochemical measurements i nd i ca te  W2C1 ( m h ~ ) ~  might serve as a redox 

center where.coordinated species could reac t  wi thout  destroying the . . 

strong metal-metal bond. This robust dimer nay, therefore, prove t o  be 

we l l - su i t ed ' f o r  cata lyz ing react ions a t  the metal s i tes .  For t h i s  t o  

occur, the ch lo r ine  atoms must f i r s t  be displaced i n  order f o r  the , .  

reactants t o  coordinate t o  the tungsten atoms. subs t i t u t i on  o f  -H, -OR, 
. . 

and -R groups f o r  ch lo r ine  .would provide the types o f  compounds known t o  
. . 

engage i n  reduct ive e l im ina t ion  and i nse r t i on  react ions (21-23) which 
' . 

are common i n  c a t a l y t i c  cycles. Addi t iona l ly ,  chemical reduct ion o f  

W C1 ( m h ~ ) ~ ,  o r  subs t i t u t i on  o f  ch lo r ine  by a neut ra l  1 igand may provide ? 2 
compounds whi ch e x h i b i t  unusual r e a c t i v i t y  . Another i n t e r e s t i  ng aspect 

o f  t h i s  dimer i s  the . - c i s  d ispos i t ion  o f  the  nonmhp . .. . .  l igands on each 

tungsten. Molecules coordinated t o  the metal atoms i n  place o f  the 



Figure IV -5 .  ~ l e c t r o n i c  spectra of W2C1 *(rnhpl3 (?I and W2(mhp). C---l 



chlorine atoms would be held in close proximity to  each other. . T h u s ,  

reactions between adjacent groups should be f ac i l i t a t ed ,  All these 

character is t ics  wi 11 make W2C12(.mhp)3 an interesting subject fo r  fur ther  

investigations. 
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SUMMARY 

The 'original goal of this project was to  prepare a reactive 

quadruply bonded molybdenum dimer. T h i s  was accompl ished w i t h  the. 

synthesis of M O ~ C I ~ [ P ( C ~ H ~ ) ~ ] ~ ( C H ~ O H ) ~ ,  which by self-addi t ion across the 

multiple metal-metal bond, produced a new type of tetrameric c lus te r .  

. . Exploitation of the same 'synthetic principles w i t h  another quadruply 

bonded dimer yielded the isostructural tungsten tetramer, t h u s  showi.ng 

tha t  these preparative techniques shoul d be appl icable to  syntheses of 

tetramers containing other metals or  even the preparation of larger  

c lusters .  

The reaction of M O ~ C ~ ~ [ P ( C ~ H , - ) ~ ] ~ ( C H ~ O H ) ~  t o  produce a new t e t r a -  

meric c lus te r  was apparently . due . to  the l a b i l i t y  of i t s  weakly bound 

neu t ra l  1 i gands . A number of the Mo4Cl 8L4 cl us t e r s  were prepared and 

characterized. More importantly, new methods were found f o r  the 

syntheses of the tetrameric molybdenum c lus ters  enabling M O ~ X ~ ( P R ~ ) ~ ,  

X = C1, By, I ,  compounds to, be easily.prepared. A bonding scheme f o r  

these clusters  was presented which accounts f o r  the known structural  

and eleclrur~.ic pkupeu'ties. 

The methods of the molybdenum c lus ter  syntheses were applied to  

tungsten dimers w i t h  t h e  expectation tha t  tungsten tetramers could also 

be prepared. Such a tetrameric c lus te r  compound.was indeed isolated. 

Structural differences between W4Clg(PR3)4 an'd M O ~ C ~ ~ ( P R ~ ) ~  were 

compared and rational ized in terms of the known behavior i n  dimeric 

species. 
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An unsuccessful attempt to  prepare the tetrameric tungsten cluster  

by another route nevertheless led to  the preparation of a new and 

interesting tungsten dimer w i t h  a metal-metal bond order of 3.5. The 

structural and elec.troni c features of th i s  .compound were studied, and 

suggestions were made. for  future work. 
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