
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
DE87014452 

One Source. One Search. One Solution. 

MECHANISTIC STUDIES OF CARBON MONOXIDE 
REDUCTION: PROGRESS REPORT, JANUARY 1, 
1985-JUNE 1, 1987 

PENNSYLVANIA STATE UNIV., UNIVERSITY 
PARK. DEPT. OF CHEMISTRY 

25 JUN 1987 

1 

U.S. Department of Commerce 
Nat ional  Techn ica l  In format ion Service 



A PROORESS REPORT SUBMITTED TO THEf 

. IER 13323-- 

FOR SUPPORT OF RESEARCH ENTITLED: DE87 014452 

MECHANISTIC STUDIES OF CARBON MONOXIDE 
REDUCTION 

GRANT  NO: DE-FGO2-85ERI3323-A003 

PRINCIPAL INVESTIGATOR: C r e g e r y  L- G e o f f r e y  
D e p a r t m e n t  o f  C h e m i s t r y  
The  P e n n s y l v a n i a  S t a t e  U n i v e r s i t y  
U n i v e r s i t y  Park,  PA 16802 

S o c i a l  S e c u r i t y  N o . :  

P h o n e :  

AMOUNT FUNDED: 

4 0 0 - 6 4 - 5 9 5 8  

(614)865-1924 

$331 ,000  

TIME PERIOD OF REPORT: Jan 1, 1985 - June I, 1987 

DOE PHOJECT OFFICER: S h e v e n  A, B u t t e r  
D i v i s i o n  o f  C h e m i c a l  S c i e n c e s  
O f f i c e  o f  B a s i c  E n e r g y  S c i e n c e s  
U . S .  D e p a r t m e n t  o f  E n e r g y  
G e r m a n t o w n ,  MD 20545  

DOE CONTRACTING OFFICER: C h a r l e s  G. F r a z i e r  
A c q u i s i t i o n  a n d  A s s i s t a n c e  

O p e r a t . i o n s  B r a n c h  
U . S .  D e p a r t m e n t  o f  E n e r g y ,  AAOD-1C 
C h i c a g o  O p e r a t i o n s  O f f i c e  
9500  S .  C a s s . A v e n u e  
Argonne, I L  60439 

DOE ADMINISTRATOR: 

~ , : ;~g~L .  ~ .  ~" y 
P r i n c i p a l  I n v e s t i g a t o r  

R o r y  S .  S i m p s o e  
U . S .  D e p a r t m e n t  o f  E n e r g y ,  AAOD-1C 
C h i c a g o  O p e r a t i o n s  O f f i c e  
9 8 0 0  S .  CasB A v e n u e  
A r g o n n e ,  IL  5 0 4 3 9  

/ Dat/e 



Personnel  

A. Postdoctoral Fellows: 

Name 
Peter Jernakoff 
John Sheridan 

U~derg~ad. 
M.I .T.  
U. B r i s t o l ,  

U.K. 

Ph .D.  School  
Harvard 
U. B r i s t o l  

Present l o ca t i on  
duPont 
Ru%gers U., 

Asst. Prof. 

B. Graduate  Students :  

N~ 
Er i c  Morrison 
Steve Rosenberg 
Tom Targos 
Greg Williams 
Sherri Bassner 
Sung-Hwan Heal 
Phillip Macklin 
David Ramage 

Undergrad,,. Schuol Ph.D. Presen t  Locat ion 
U. o f  Minnesota 1985 3M 
SUNY, Albany 1985 Dow 
U. of Illinois 1985 Olin 
UNC, Chapel Hill 1988 Mobsy 
Goucher Col lege in prog.  - - -  
Seoul National U. in prog. 
U.S. Military Acad. in prog. 
U. South Alabama in prog. 

C. Undergrad,ua,,te ' S c h o l a r s :  

Name 
Chantal Lieszkovszky 
Chad Mirkin 
John Johnson 
Stephen Fray 
Sonbinh Nguyen 
Rona]d Powell 

B.  S___~ 
1985, PSU 
19SS, Dickinson 
1986, PSU 
1987, I thaca  
in progress  
in progress  

Presen~ Location 
Research Chemist, PP&G 
Graduate Student, Penn State 
Graduate Student, Northwestern 
Graduate student, Penn State 
Freslman a t  Penn S ta t e  
J u n i o r  a t  Penn S t a t e  

D. Facu l ty  Assoc ia tes :  

Dr. Robert ~ h i ~ t l e ,  Penn S t a t e  X-ray m-ys t a l l o~ raphe r .  
P ro f .  Arnold Rheingold,  Un i ve r s i t y  o f  Delaware, X-ray c r y s t a l l o g r a p h e r .  
P ro f .  Nathan Viswanathan, Penn S t a t e  Fayet~e Campus. 

Publ ica t ions  Resul t ing f rom th i s  DOE Grant  
( ~ o ' s  12-15 have  been added  s ince  the  8/86 r epo r t )  

1: Williams, G. D.; Geoff roy ,  G. L., Whittler R.R., Rheingold,  A. L ,  "Formyl ,  
Acyl, and Carbene  Der iva t ives  of Fe~(~s-EPh)=(CO)~ (E=N,P). Unique Examples 
of  Carbene-Ni t r ene  and  C a r b e n e - P h o s p h i n i d e n e  Coupling"~ J. Am. Chem. Soc. 
198.__._55, 10_._77, 7ZS. 

2. Morrison, E. D.; Geoff roy ,  G. L. "Hal ide-Promoted Inse r t ion  of Carbon 
Monoxide into Osmium-~z-Methylene Bonds in Triosmium Clusters" ,  J. Am. 
Chem Soc. 198___55, 10__~7, 3541. 

3. Morrison, E. D.; Whittle, R. R.; Geoffrey,  G. L.; Rheingold,  A. L. "F i f ty  
Elect ron [Os~(CO)10(~-CH=)(~z-X)]" Clus ters  Der ived from Reaction of  
Oss(CO)u(~-CH=) with [(PPh3)=N]X Salts. S t r u c t u r a l  Charac te r iza t ion  of  the  
= NCO and I Der iva t ives .  0rganometal l ics ,  198_.__~5, 4, .~1413. 

- I -  



4. Morrison, E. D.; Bassner ,  S. L.; Geoffrey,  G. L. " S y n t h e s i e  of 
Os~(CO),o(CH~)(/~-I) with an  w*-MethyI Ligand and  I t s  In se r t ion  of CO to give 
Acetyl  Derivatives",  Organometall ics,  198___66, 5, 4(}8. 

. Targos ,  T. S.; Geoffrey,  G. L.; Rheingold, A. L. " S y n t h e s i s  and Molecular 
S t r u c t u r e  of the /~-Acety] Complex Cp(CO)~Mo(/~-O=CCH~)(/~-PPh=)FeCp(CO)", 
J .  Organomet. Chem. 198.._..66, 29_._99, 223. 

. Williams, G. D.; Geoffrey,  G. L. "Reaction of {MeCp)Mn(CO}2(THF) with PhCH2N~ 
to Yield Binuclear (MeCp)=Mn~(CO)3[/~-C{O)N(CHzPh)N=], an In termedia te  in the  
Formation of Benzyl I socyana te" ,  OrKanometallics, 198___66, 5, 894. 

. Viswanathan,  N.; Morrison, E. D.; Geoffrey, G. L.; Geib, S. J.; Rheingold, A. 
L. " Inser t ion  of SnCI= into an Os-Os Bond of Os3(CO)n(/~-CH=) to Give the 
Planar  Cluster Os3SnCh(CO)n(/~-CH2) with a Pen tacoord ina te  Tin Atom", 
Ino rg .  Chem., 198__66, 25, 310(}. 

. Williams, G. D.; L ieszkovszky ,  M.-C.; Mirkin, C. A.; Geoff rey ,  G. L.: 
Rheingold, A. L. "Addition of  the Os-CH= Bond in Os~(CO)t,(/~-CI~) to 
Pt(PPh.~h to Give the Spiked Tr iangular  Cluster  OssPt(/~-CH=)(CO)n(PPhQ2. A n  
NMR Inves t iga t ion  of the  Fluxional Propert ies  of Os~(CO)u(/~-CH=)" 
Qrganometallics~ ~ _5, 2228. 

9. Bassner ,  S. L.; Morrison, E. D.; Geoffrey,  G. L.; Rheingold,  A. L. 
"Convers ion of the /~-Ketene Ligand in [PPN][Os3(CO),0(/~-I)(/z-CI~CO)] into 
EnotaLe, Acyl, and Vinyl L igands"  J. Am. Chem. Soc. r ~ 10_~81 5358. 

10. Williams, G. D.; Whittle, R. R.; Geoffrey,  G. L.; Rheingold,  A, L. 
"Formation of Imidates,  Amides, Amines, Carbamates,  and  Ureas from the  

G " ~s-NPh Ligands of Fe3(~3-NPh)=(C )0 J. Am. Chem. So<:., in press .  

I1. Basaner ,  S. L.; Morrison,. E. D.; Geoffrey,  G. L.; Rheingold,  A. L. 
"Convers ion of the /~-Ketene Ligand in [PPN][Oss(CO)zo(/~-I)(/~-CH=CO)] into 
Enolate,  Acyl, and Vinyl Ligan.ds. Crystal  S t r u c t u r e  o f  the  Enolate Cluster  
[PPN][Os~(CO)**{CI~C(O)OCW,]]." Organometellics, in p r e s s .  

~12. Geoffrey,  G. L.; Basener ,  S. L. " In terac t ion  of  ke t enes  with Organometellic 
Compounds. Ketene, Ketenyl ,  and  Ketenyl idene Complexes" 
Adv. Organomet. Chem., in p ress .  

~13. Macklin, P. D.; Mirkin, C. A.; Viswanathan, N.; Williams, G. D.; Geoffrey, 
G. L. "Synthes i s  of Cp(OO)CoPt(PPh~)=(/~-CHa) and Cp=Co=Pt(PPha}=(~-CO)= 
from the Reaction of Pt(PPh~h(C=H,) with [CpCo(CO)]=(/~-CH2)" 
J. Or~anomet. Chem., in p ress .  

.14. }/an, S. H.; Geoffroy, G. L., and Rheingold, A~ L. "Halide Promoted 
Formation and Carbonylat ion of /~-Nitrene L igands"  J .  Am. Chem. Soc., 
submit ted  for  publication.  

~15. 

~ 1 6 .  

Han, S. H.; Geoffroy, G. L.; Rheingoldt A. "Rus(CO)xs(/~-NPhh: An Unusual  
Cluster  with a S t r u c t u r e  Having Two Fused Buffer f l ies  each Bridged by a 

' /~4-NPh Ligand", in preparation. 

Bassner, S. L.; Geoffroy, G. L.; Rheingold, A. "Isocyanide Induced 
Insertion of CO into Osmlum-Methylene Bonds to Form /~-Ketene Ligands", in 

• preparation. 

- 2 -  



Narrative 

There is strong evidence that surface bound carbenes play important roles in 

he te rogeneous  synthe,sis gas reac t ions  to p roduce  hyd roca rbons  and oxygenated 

products. I One important reaction that such species may undergo is insertion of 

CO to give ke t enes  which have been invoked  as intermediates  in the  product ion of 

both C=--oxygenates and hyd roca rbons .  = Also, the insert ion of CO into 

mei~I-carbene bonds to give ke~-ene complexes is developing as an important step 

in many stoichiometric reactions of organometaUic compounds ~ and is now finding 

applications in organic synthesis. 4 

Although a few ketene complexes had been characterized at the time we began 

research under the present DOE grant, the chemistry of coordinated ketches had 

been scarcely investigated. For example, it was not understood how the ketene 

coordination mode affected the reactivity of this ligsnd nor even what types of 

transformations were possible. We had previously demonstrated that the methylene 

ligands in clusters 3 and 4 readily insert CO to form #-ketene ligands, eqs. I 

and 2. 5~ 

Os~O) 4 

(O0)~ Os~_ . . ~ O s ( C O ) 3  

g' s 

tz/= =120min 
+ CO i 

22 o C, 1 BErn 

silos (00)4 I - 
X~%% tz/z < Imin 

(O0)aO Os(CO)~ + CO ,, ,L 
~CH~ / 220C, 1 arm 

4 (X=CI,Br, I )  

__Os(CO)4 

(CO),  O /  ~ O s  (GO), 
\ c - c a (  

o '/ ! 

__Os(CO)4 ~ - 

(CO)s o~X~os (C0}01 
ca( 2_ 

With t he se  r e su l t s  in hand, we decided to unde r t ake  a r e a c t i v i t y  s t u d y  of the 

ketene c l u s t e r s  1 and _2 so as to def ine  the  chemis t ry  of  th i s  impor tan t  ligand. 

That became a major objective of the present research program. Secondary 

objectives were to prepare new ketene complexes with other metal ligsnd 

combinations and to further develop the chemistry of the /~-CI~ clusters _I and _2.. 

Since the /~-CH= -* /~-CH=CO conve r s ion  worked so smoothly in th i s  system, 

we cons idered  the possibi l i ty of ana logous ly  inser t ing  CO into meLal-nitrene 

bonds to form f r ee  or  coordinated i ' socyanates  {~s-NR -p ~-RNC=O). This  is an 

important  react ion because of  the indus t r i a l  in te res t  in c o n v e r t i n g  inexpensive 

( I )  

(2) 
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nitro-organics via carbonylation into value-added products such a s  isocyanates, 

carbamaLes, and ureas. Thus, a second major objective of this research program 

was to determine if ~3-1~R ligands undergo such carbonylation chemistry. What we 

discovered is that halides exhibit a remarkable promoting effect on these 

r.arbonylation reactions, as they also did .on the methylene carbonylation 

reactions of ecls. I and 2. There are a number of examples of halide promoted 

organometallic transformations, many of them catalytic, but relatively few are 

understood in any detail. In order to optimize and intelligently employ such 

promotion chemistry, it is essential to have a better understanding of why and 

how it works. Thus, we began to investigate the halide promoted /~3-NR -* RN--C--0 

conversion in detail so as to provide fundamental information for this example. 

Those studies are still in progress, but important advances have been made. 

This  r e p o r t  b r i e f l y  summar izes  o u r  p r o g r e s s  in all  o f  these  a r e a s ,  b e g i n n i n g  

with a summary of the ketene reactivity studies. That is followed by the more 

recent work on the nitrene carbonylation chemistry. 

A. T r a n s f o r m a t i o n  o f  Ketene  Li~ands i n to  Eno la te ,  Vin~Ir and  AcetFl  L i g a n d s .  

In our first report of the synthesis of compound _1, we noted that it reacts with 

MeOH, H20, and H~ to give methylacetate, acetic acid, and acetaldehyde, 

r e s p e c t i v e l y ,  s We h a v e  more r e c e n t l y  f o c u s s e d  o n  t h e  anionic  k e t e n e  complex  _2 

and have discovered that the ketene l igand can be readily transformed into 

enolate, vinyl, and acetyl ]igands as well as free amides. 7 All of these studies 

indicate that nucleophiles attack the ketene carbonyl carbon whereas 

electrophiles add to the carbonyl oxygen. 

\Clt2-C~ 

The reactions with nuclvophiles parallel similar reactivity patterns with free 

ketene, but the electrophile reactions are different as uncoordinated ketene 

typically adds slecLrophiles to the methylene carbon. 

Nucleophiles such as MeLi, NaOMe, and HOMe convert the ~-ketene ligand into 

enolate ligands, sq. 4. 
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.0s(c0), 0s ), 
(CO)~O s(C0) + Nuc- ~ (CO)~0 0s(C0)4 " (4) 

~- CHz_C%/ + CO ~Hz 
o//C 5, NUC = Me 

2_ 0 - HI ~'Nuc 6, Nuc = 0Me 

Both _5 and  _6 were spec t roscop ica l ly  cha rac t e r i zed ,  with t he  s t r u c t u r e  of _6 fu l ly  

confirmed by an X-ray diffraction study, Figure IJ Only two other ~)'alkyl 

c s r b o n y l  c l u s t e r s  a re  known, =,~ one of  them desc r ibed  below, and  compounds _5 and  

_6 t h u s  s ign i f ican t ly  expand th i s  r e l a t i ve l y  small family of compounds .  

Electrophiles were found to add to the carbonyl oxygen of _2, as clearly 
i l l u s t r a t e d  by  i ts  react ion with MeOTf to give t he  spec t roscop ica l ly  and 

s t r u c t u r a l l y  c h a r a c t e r l z e ~ , T r - v z n T 1  c l u s t e r  _7, eq. 5. 7 

• .Os(C0). ~-- 

(C0).~0s "0s(C0)3 

2 \CH2-C%0 

+ CHs OTf 
22°C s///I~o 

, (CO)sO- s(C0)3 
3 hrs . . ' ~ . ~  C~ 
CH2 C12 H2C ~/" OCH3 

"/ (71~) 

(5) 

Clus te r  _2 a lso  unde rgoes  p ro tona t i on  at  the ca rbony l  o x y g e n  to f i r s t  form the  

unstable hydroxyvinyl cluster 8. 7 This species was spectroadopically 

c h a r a c t e r i z e d ,  bu t  it r ap id ly  u n d e r g o e s  ke to-enol  tau tomer iz~t ion  to give t h e  

known acetyl cluster 9, eq. 6. 7 

__ca(co), ' l - r- _0s(c0)~ ] 

0o)3o s(co) 
2_ L c.2  0, ] 

..0s(C0)4 (6) 

(CO)sO~ ~Os (CO)~ 

__9, 70= 

Spec t ro scop ic  da ta  also showed t h a t  BFs adds  to the  c a r b o n y l  oxygen  to give  an  

unstable vinyl cluster analogous to _7 and 93 

An impor t an t  conclusion t h a t  can  be  drawn from ~.he o b s e r v e d  react ions  of  2 

with electrophiles is that oxlzcarbene (2b) and oxyvin3,1 (2.cc) structures are 

important resonance forms for this anionic cluster, eq. 7. 7 

~ O s ( C O ) 4  ~ - _ _ 0 s ( C O ) 4  ' 

I ~ _  - -  Os//I~os(CO ) (C0)3Os - u s ( C 0 ) 3  (C0)3 3 
\CHz--C%/0 \ CHz_C / 

2s 2b %0" 

__Os(CO)4 (7)  

(C0)30~I'~c~/O-" ( CO ) 3 

2c CH2// \0- ' 
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Th~ G,~-vinyl  r e s o n a n c e  form is un ique  to an  anionic  ke tene  complex s u c h  a s  _2 

and has no precedent in mononuclear chemistry. 

A characteristic reaction of free ketenes is their cycloaddition with 

olefins, alkynes, isocyanates and other unsaturated organics. We considered the 

possiblity that the coordinated ketene ]igands clusters 1 and 2 might also 

undergo such chemistry. Accordingly, the reactions with potential substrates 

such as CHa=CH(OEt), PhHC=NMe, and MeOaCC---CCO2Me was explored, but in no case 

was reaction observed. These ketene complexes also failed to give clean 

chemis t ry  with BH~oTHF, LiBHEt~, Mel, and NaNH~. 

B. I socyan /de  I n d u c e d  Ketene, Format ion.  An i n t e r e s t i n g  ques t ion  c o n c e r n s  how 

i sccyan ides  would r e a c t  wi th  the /~-CHz c l u s t e r s  -2 and 3. I suuyan i de s  a r e  

iscelectronic with CO and could either induce CO insertion to form a ketene 

l igand as in 10, eq. 8a, or could themselves insert to form an analogous 

ketenimine Hgand as in I_1, eq. 8b. 

jOs~0)4 

(RNC) (CO)30s Os (C0)3 'RNC) 

( CO ) s Os ...~ _..e~_._~Os (CO) ~ + RN-C 

3_ o~C "CH2 

\CH2--C~O 
1o 

O s ~ O  ) 4 

(CO)40s  Os (CO)s  (RNC) 
\CH2--C/ 

-11 ~NR 

( e a )  

{eb) 

Reaction with 3 and ButN=-C was found to proceed smoothly to give only the ketene 

complex 10 which was spectroscopically and structurally characterized. 

C. pro ton  I n d u c e d  /~-CH~ to CH3 Convers ion .  Methylene and me thy l  f r a g m e n t s  

a re  bel ieved to be  i m p o t e n t  su r f ace  i n t e r m e d i a t e s  in many h e t e r o g e n e o u s  

catalytic reactions, and an important reaction is their transformation into one 

another by hydrogen addition/elimination. To model this chemistry, we protonated 

the anionic methylene cluster and observed its transformation into the methyl 

substituted cluster 12, eq. 9. s 
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_•/iOs (CO) 4 7 -  " __Os(CO)4 

(C0)s0sL : -~0s(C0)s (C0)s0 s(CO)s 
CHz" I 

2 CHs I_/2, 6 4 ~  

+ CO __Os(CO)4 

(C0)sO 0s(C0)4 

I _z, A,-CO C9) 

/Os.(CO)4 

(CO) ~ Osd~/1"I~os (CO) ~ 
"~ O~O #' 

CH~ 1_44 

Methyl complex 12 is the only example of which we are aware of a simple alkyl 

s u b s t i t u t e d  c a r b o n y l  c l u s t e r  wi thout  an "agos t ic"  M-H-C in te rac t ion .  Like 

mononuclear  slkyl complexes, it readily i n s e r t s  CO to form a terminal acetyl 

cluster (13) which then loses CO to form the ~-acetyl cluster 14. This reaction 

had never be£ore been modeled on a cluster compound because of the lack of a 

su i t ab le  alkyl cluster to s t u d y .  

D. Hetembimei~Uic F~-Methylene and IzTKelene Complexes.  We wished to examine 

the CO insertion chemistry of a series of heterume~a/Hc ~-CH2 complexes to 

determine from which metal does the inserUon occur and whether or not the 

ketene ligand can undergo the coordination isomerism shown in eq. I0. 

Hz ~0 

M M' 
I12 

M/C-~.M, + CO (I0) 

A number  of he terobimeta l l ic  /~-CHz complexes a r e  known,  b u t  none a r e  known 

to u n d e r g o  CO inser t ion  to form Jz-ketene  complexes.  S ince  Os~(CO),(/~-CI~), 1, 

readily undergoes such reaction, a heterometanic derivative of this complex 

would be a viable candidate to explore the issues of eq. I0. We thus treated I 

with Pt(PPhsh(CH2--CHffi) and formed the PtOs~ cluster 15, eq. 11. z" 

/Os~0), / 0s<), (II) 

(C0)30s..~ _..~.:____~.0s(CO)~ + "Pt(PPh~)2" -=~ (C0)40~ Os--Pt(PPhs)z 
~C -CHz (CO)~CHf 

! 15 (6s~) 

The structure of 15 is rather unusual and so it was crystallographically 

characterized, Figure 9.. Unfortunately, 15 did not form a ketene ligand when 
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treated with CO but instead gave substitition of CO for s Pt-PPh~ ligand. 

Similar addition of SnOl~ occured to _I to form the unusual OssSn methylene 

+ SnC12 
~2 "C 

t 

THF 

cluster 16, e q .  12. n 

Os3 ( #-CHz ) (CO) ~ 

3_ 

C12 
SD 

(CO)40s__ -'''I" ~~Os(CO)4 

(C0)3 (x-ray) 

This  spec ie s  was also s t r u c t u r a l l y  c h a r a c t e r i z e d ,  F igure  3, and  found  to pos ses s  

t he  u n u s u a l  p e n t a c o o r d i n s t e  t in  atom. However,  i t  also did no t  i n s e r t  CO to  form 

a ketene Iigand. 

( t 2 )  

Given the  succe s s  of r eac t ion  1I, we b r i e f l y  explored  t he  u t i l i ty  of 

Pt(PPhs)2(CH2-CIL~) for forming other heterobimetallic ~-CH~ complexes. One 

s ucce s s f u l  example is t ha t  shown in eq.  13. zz 

0 
Pt ( PPh3 ) 2 ( C2 H4 ) Hz Cp~ .C, 

+ A Cp.~ /C~.- /PPha Co/-/ ",, /PPh3 
- -  + I V " ' ~ p t  

H, 0c/C°-- \P h3 i / \ A  "PPh  
C _ _  C o ~ "  ,' cp(co)co/ff~-~cocp (c0) z7 (ss~) 

( x - r a y )  C~ ""3 C i " 
O 18S (4Z, 

( 1 3 )  

x - r a y )  

The major p r o d u c t  of  this  r eac t ion  was the  bimetallic me thy lene  complex 177, 

a l though  a bonus  was the  addi t ional  format ion  of 18. Both of  t h e s e  complexes 

were c r y s t a l l o g r a p h i c a l l y  c h a r a c t e r i z e d ,  F igu re s  4 and 5, b u t  u n f o r t u n a t e l y  the  

me thy lene  complex 17 did no t  i n s e r t  CO to yield a ~ - k e t e n e  l igand.  I t  is obvious  

tha t  we st i l l  have  much to l ea rn  c o n c e r n i n g  the  f a c t o r s  which f a v o r  the 

methy lene  to k e t e n e  conve r s ion  in compounds  of  t h e s e  t ypes .  

Bimetallic ~ - k e t e n e  complexes have  also been p r e p a r e d  by  the  qui te  d i f f e r e n t  

rou te  shown in eq.  14, Is 

0 +BuLi 0 +(CO)sMBr 0 (14) 
Cp(CO)(L)Fe-C.~.~ / - -  [ C p ( C O ) ( L I F e - C  ~" . ] .... , C p ( C O ) ( L ) F e - ¢  

'CH3 \CH2- 'CHz-H(CO)s 
L =. PPh~ I__99 2__00, M -- Mn 

2_!1, M - Re 

Complexes 20 and 2_/1 were spectroscopically characterized, but both proved too 

unstable for detailed reactivity studies. 
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E. W, llde P r o m o t e d  Format ion  a n d  C a r b o n y l a t i o n  o f  Ni t rene  L i g a n d s .  Ni t rene  

I i gands  a r e  be l i eved  impor t an t  in the  c a t a l y t i c  c a r b o n y I a t i o n  o f  n i t r o a r o m a t i c s  

to form i sooyana t~s ,  c a rbama te s ,  u r e a s ,  a n d  o t h e r  o rgan i c s ,  t4 A l t h o u g h  de ta i l s  

of the mechanisms af these carbonylation reactions are unknown, the stepwise 

deoxygenation process RN02 -~ RNO -* M-NR followed by carbonylation of the nitrene 

ligand to form RN--C-0 has been often suggested. To understand these mechanisms 

we have used organometallic cluster compounds %o model the important reaction 

steps. A significant finding has been the remarkable promotion of the 

rdtrene carbonylation by haHdes. In the absence of halide, the nitrene cluster 

Ru~(//.~-NPh)(CO)~, 22, has slowly (B.Shr) gives PhN=C=O and Ru(OO)s under 170 

atm of CO at 120cO, Is but we observed no reaction when lower CO pressures (4 

arm, 120°C, 22hr) were used. zs However addition of halide iorla ~ I 

drsmatic-I!y promotes the carhonylai£on suuh that it rapidly proceeds under 

extremely mfld conditions, eq. 15. ~s 

Ph ]- 
Ra(CO)~ 

( C O ) 3 H u ~ ~ . ,  "~ ~ PhN=C=O + (CO)3Ru-~----Ru(CO)e 
Ru(OO)a + CO (1 arm) ~ - X /  

// 2 2 ° C ,  THF 2 3 a ,  X = Cl 
~c ~ CS =£n ~or z3-'-K, x = sr 

0 X=Cl-) 23__q, X = I 

The hal ide  s u b s t i t u t e d  c l u s t e r s  24 w e r e  iden t i f i ed  as  i n t e r m e d i a t e s  in th is  

p r a c e s s  and  t h e y  w e r e  i sola ted  in h i g h  y ie ld  f rom r e a c t i o n s  r u n  in t h e  a b s e n c e  

of CO, eq. 16. Is 

Ph ~--[ppN]+ 

22 + [PPN]X ,, L ~ ~ /\ ÷ CO ( 1 6 )  
- -  r --t x 

C 24_._%a, X=Ol (g2~) 
0 24___bb, X=Br ( 9 6 ~ )  

24_._~c, X=I (94~}  

Complex 24c, as  i ts  [Na(18-c rown-6) ]  ÷ sal t ,  was  s t r u c t u r a l l y  c h a r a c t e r i z e d ,  

F i g u r e  8, and  similar  s t r u c t u r e s  a r e  i n d i c a t e d  f o r  2_.~ a n d  24b on  t he  bas i s  of  

IN data .  The on ly  no tab le  s t r u c t u r a l  c o n s e q u e n c e  of  the hal ide  s u b s t i t u t i p n  was  

a movement of the /~3-00 ligand closer to the iodide substituted Ru, but there 

was essentially no change in Ru-Ru and Ru-N distances as compared to 22_~ .. 

-g- 
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Clus t e r s  24a -c  were  f o u n d  to i nd iv idua l ly  r e a c t  with CO ( la tm,  22°C) to g ive  

PhN=C-O and  23a-_c, bu t  with a significanf hsJide dependence: ~ti/2's, C1 (Stain) 

< Br (80rain) < I (Shr) .  Al though  t h e  r e a s o n s  f o r  t h e  hal ide p romot ion  of the  PhN 

to PhN--C--O conversion are unknown, we suggest that halide may induce the 

i n s e r t i on  by  a s suming  /~z o r  /~ b r i d g i n g  pos i t ions  as  t he  PhNCO Hgand is fo rmed  

and  r e moved  f rom the  c l u s t e r .  Note t h a t  t he  componen t s  of  PhNCO dona t e  a total  

of 6e- in cluster --I and occupy three coordination sites which must be filled as 

t he  i s o c y a n a t e  l eaves .  

Halides also p romote  t h e  format ion  o f  n i t reJ ,e  J igands  f rom n i t r o s o b e n z e n e .  

The u n p r o m o t e d  r e a c t i o h  be tween  Ru~(CO}x2 and PhNO p r o c e e d s  a t  570C to g ive  22 n 

46~. y ie ld  (2hr ,  THF). iv However ,  add i t ion  of  PhNO to room t e m p e r a t u r e  so lu t ions  

of  the hal ide c l u s t e r s  23a-0 r e s u l t s  in ~ format ion  of 24a-c_ i n n e a r  

quantitaL/ve yie]d:~t112's, CI (<lmin) ~ Br (<lain) < I (ISmin). z5 We suggest 

that the formation of the /~3-NPh ligand from PhNO requires initial coordination 

of the nitroso reagent to a Ru atom and that ~.he halide promotion of the PhNO to 

/~-~-NPh transformation is just a simple consequence of the previously observed 

halide promoted ligand substitution reactions of Rus(CO)n. Is Here the effect of  

halide is be l ieved  to be e n h a n c e m e n t  of  the  r a t e  of  CO dissoc ia t ion ,  o p e n i n g  a 

s i te  f o r  t h e  incoming Hgand.  2s Note t h a t  t h e  r e l a t i v e  hal ide p r o m o t i n g  

abi l i t ies  of  the  two r e a c t i o n s  a r e  the  same: C1- > Br" > I-. '" 

Since  hal ides  p romote  bo th  the  fo rmat ion  of  n i t r e n e  l i gands  f rom PhNO and  
, - , ' ° ,  

the ~rbonylation of nitrenes to ieocyanates~ they should also effectively 

promote the. catalytic carbonyIation of PhNO to PhNCO under mild conditions. The 

results summarized in eq. 17 show this to be so, although the organic product is 

a mixture of phenylisoc~ranate dimer and ~rimer. z6 

1 : I  Ru~(CO)Iz/[PPN]CI 
PhN0 '+ 2 CO , ..... : {PhN=C=0}x + C02 

I h r ,  5 6 ° C ,  l a t m  
8 t u r n o v e r s  

However,  t he  ca t a ly t i c  a c t i v i t y  fo r  the  PhNO to i s o c y a n a t e  t r a n s f o r m a t i o n  ceases  

a f t e r  ~1 h r  d u r i n g  which time a p r e s e n t l y  un iden t i f i ed  and  ca t a ly t i ca l l y  

i n a c t i v e  o rganometa l l i c  p r o d u o t  forms.  

(17) 

Cenini,  e~ aL have  p r e v i o u s l y  shown tha t  ha l ides  a re  e f f e c t i v e  p r o m o t e r s  

fo r  t he  Ru3(C0h2 ca t a lyzed  c a r b o n y l a t i o n  of  PhNOz in the  p r e s e n c e  o f  ROH to 
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form a tkyl  N-pheny lca rbamates  and aniline (160-1700C, 82"arm, 7 hr ,  CI-/Ru.~ = 

7 /1 ) . ' "  Ch lo r ide  was the  s u p e r i o r  p romoter ,  bo th  f o r  • c o n v e r s i o n  and  

se lec t iv i ty  to ~-he des i red  carbamate .  Their  f indinf fs  a r e  cons i s t en t  with our  

obse rva t i ons  t h a t  ch lor ide  is a subs t an t i a l ly  5-~tter promoter  for  both the  PhNO 

to /~3-NPh convers ion  and  for  the  n i t r ene  ca rbony la t ion .  

F. Formation of  Imidatea ,  Amides, Amines, Carbamates  and  Ureas  from 

the  JA~-NPh Liffands of  Fe~(/~s-NPh)=(O_.O)~. One ob jec t ive  of ou r  r e s e a r c h  has been 

to be t t e r  def ine the  chemis t ry  of the  l i t t le s t ud i ed  ~s -n i t r ene  Hgand. In t h i s  

work we formed de r iva t i ve s  of Fe~(CO),(/z=-NPh)=, 25, with formyl,  h y d r i d e ,  acyl ,  

ca rbene ,  and  methoxycarbony]  l igands  by the  r eac t i ons  g iven  in Schzme I. z° 

Scheme I: 

+ RLi 
, t 

R=Me, Ph 

Ph 

II III ~ 

Fe = Fe(CO)z 
F e '  = Fe(CO)z 

NaOCHs 
, l l  

Ph l - -  Ph 

/ \ Fe +Me- / \ = F e  
Fe_-""~/ 0 - -  F e ~  ~ "  • /  _c /OMe 

\ ~ ' " ~ F  e ' -  C # \ " ' ~  Fe ' - \// - .  \ / /  - . .  

Ph Ph 
z_fis 

Ph 

\ / /  H 

Ph 

U m 

[HFe~ ( / m - N P h ) 2  (CO]})s ]- 

Ph 7-- 

Ph 2__99 

All of these  complexes were  spec t roscopica l ly  cha rac t e r i zed  with the  novel  

c a r b e n e - n i t r e n e  c l u s t e r  2__66 f u r t h e r  def ined  by  X- ray  d i f f rac t ion ,  F igu re  7. I t  is  

one of the  few organometa l l ics  t ha t  s imul taneous ly  posses se s  c a rbene  and  n i t r e n e  

l igands ,  and  a s u r p r i s i n g l y  react ion  was the  c a r b e n e - n i t r e n e  coupl ing  which  

occur sd  with th is  spec ies  to form the  imidate 27, eq. 1S. z° 
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Ph 

/ 

2_..66 Ph Ph 

+CO, latm, D PhN=C/OEt 

S days \Ph 
22 ° C 2_77 (97~) 

.. Ph 

/~Fe(CO).~ 

(00)3 < , ~ F e  (COla 

\o// .:.. 
0 

A double - labe l ing  e x p e r i m e n t  showed tha t  this  reac t ion  was s t r i c t l y  

in t ramolecular .  Similar coupl ing o f  c a rbene  and phosph in idene  l igands  o c c u r r e d  

with the analogous  /~ -PPh  c lu s t e r  28, except  t ha t  the coupled  l igand s tayed  

attached to i,he cluster framework, eq. 19. =° 

Ph 
' p 

/~/Fe(OO)3 

\ "~Fe(CO)2 

Ph 

/ P~ Fe(CO)_~ 
\-17/ 

+ CO (CO). Fe/\// (iS) 
\ / Fe(CO)~ 

/ Ph 
Ph ( x - r a y ,  Figure 8) 

One of  the  ques t ions  posed in th is  s t u d y  conce rned  the poss ib l i l i ty  of 

forming the  carbamate  p r o d u c t s  of ca ta ly t ic  n i t roaromat ic  ca rbony la t i ons  via 

coupl ing of  n i t rene  and me t hoxyca rbony l  l igands,  eq. 20. 

+ ArN02 /N-~. + NOH • /N~ I H + H 0 
M .-co M--l-M-co ---- ArN-C," 

~ M /  - 0 0 2  ~ M /  - H + ~ M "  "OH " O R  

To model th i s  reac t ion ,  the  methoxyc~rbony]  c lu s t e r  299 in Scheme I was p r e p a r e d .  

Indeed,  th i s  species  u n d e r w e n t  coupl ing  of  the me thoxyca rbony l  and n i t r ene  

Hgands to  form methy l  N-pheny lca rbamate  when hea ted ,  s u p p o r t i n g  ~he mechanis t ic  

sugges t ion  of  eq. 2 0 .  ~ 

(20) 

G. MiscellaneoUs S tud ies  Related to  Nitr~ne Crlusters. In  t he  cou r se  of 

a t tempts  to ca rbony la t e  Rus(COh0(~s-NPh), 22, this  spec ies  was heated  in the 

absence  of CO and o b s e r v e d  to  give CO loss and condensa t ion  to the  unusua l  

R u s ( / / ~ - N P h ) =  c lus t e r  30, eq.  21. 21 

lO0"C 
Ru3(CO)Io(~-NPh) ~ Rue(CO)Is(;L~-NPh)z 

22 13 hr - 
z_.~0 ( 9 o ~ )  

- 1 2 -  
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This complex was crystallographically characterized, eq. 21, and its structure 

is obviously unusual. Especially noteworthy are the two tetrabridging nitrene 

ligands and the W~,phenyl coordinated Ru. The mechanism by which this species 

forms must be complex, b u t  ana lys i s  of i t s  s t r u c t u r e  s u g g e s t s  an a l t e rna t ive  

s y n t h e s i s  via addi t ion  of a Ru~(CO)ffi f r agmen t  to the p re fo rmed  bis (n i t rene)  

c l u s t e r  Ru~(CO)o(/~-NPh)=, 3..!, Indeed ,  reac t ion  between Rug(C0)n and  3_! gave  

c lu s t e r  30 in 90% yield. This l a t t e r  reac t ion  s u g g e s t s  tha t  combination of  3_! 

with other metal carbonyls may yield heteronuclear nitrene c l u s t e r s  of similar 

s t r u c t u r e s .  Such reac t ions  are  current ly" u n d e r  inves t iga t ion .  

Nitrene conta in ing  metal c l u s t e r s  a re  c lear ly  in need of f u r t h e r  s t u d y ,  bu t  

one  problem tha t  may limit the deve lopment  of the i r  chemis t ry  is the  pauc i ty  of 

compounds  tha t  contain /~3-NR l igands  and the lack of  genera l ,  h igh yield 

s y n t h e t i c  rou t e s  to them. One potent ia l  r ou t e  to /~-NR capped  c lu s t e r s  is the 

reac t ion  of o rgan ic  azides with c o o r d i n a t i v e l y - u n s a t u r a t e d  metal ca rbony ls .  This 

rou te  has been occasional ly  used,  bu t  i t  is not genera l .  == We wished to ex tend  

th is  methodology and accord ing ly  examined the reac t ion  of  PhOH~Ns with 

(MeOp}Mn(00)={THF), an t ic ipa t ing  the  formation of  a Mn~(/~-NR) c lus te r .  However,  

th i s  reac t ion  did not  p r oduce  /~s-NCH2Ph compounds,  bu t  r a t h e r  a z ide - ca rbony l  

coupl ing o c c u r r e d  to give the  novel  b inuolear  complex 32, eq. ~2. =3 

Cp 
OC -'---Mn 

(MeCp)gn (COl 2 (THF) , i ~--- sC%0 ( 2 2 )  

I 
c 3.! 
0 

The s t r u c t u r e  of  this  p roduc t ,  F igure  9, u n e x p e c t e d l y  gave  mechanis t ic  

information r e l e v a n t  to t he  ezide to  i sc~yanate  convers ion .  The reac t ion  of 

az ides  with CO to yield i socyana t s s  and i socyana te  de r ived  p r o d u c t s  is ca ta lyzed  

b y  metal complexes,  bu t  the  mechanism has not  been  well def ined .  I t  has been  

s u g g e s t e d  tha t  i t  involves  a t t ack  of  azide o n e  CO ligand to g ive  an 

in te rmedia te  such  as _A followed by  Na loss  and de -coord ina t ion  of  the  RNOO 

l igand,  eq.  23. 

0 _ I , l  , i RNC0 + M (23) 

,N-R 
N2 A 

However, intermediates such as _A have never been observed in mononuclear 
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complexes. Two examples a re  known with  p o l y n u c l e a r  species ,  2s b u t  the  convers ion  

of such ~-C(O)N(R)N= ligands to the corresponding isocyanates had not been 

established prior to our study. We were able to show that the ~-C(O}N(CH=Ph)N= 

ligand in complex 32 readily lost N= to give free isocyanate when irradiated in 

THP solution. Mononuclem- (MeCp)Mn complexes were formed in this latter 

reaction, and the overall sequence constitutes a cycle in which mononuclear 

complexes convert an azide into an isocyanate via the intermediacy of a 

b inuc lea r  species .  This  is a unique  example o f  a react ion sequence  which 

p roceeds  from a mononuclear  complex to a b inuc l ea r  s p e c i e s  and t h e n  back to t he  

mononuclear  complex, whe re  the  b inuc lea r  spec ies  is a n e c e s s a r y  component  fo r  

s tab i l iz ing  a r e ac t i ve  in te rmedia te  so t h a t  i t  can be s u b s e q u e n t l y  t r a n s f o r m e d  

into  the des i red  p roduc t .  

. 

2. 

. 

. 

. 

]References 

See, for example: a) Muetterties, E.L.; Stein, J. Chem. Rev. 1979, ~ 479. 
b) Bell, A. T. Ca/a/. R pv. 1981, 2_33, 203. o) Her'rmann, W. A. 
An~ew. Chem. Int. Ed. EnEl. 1982, 2_//, 117. d) Pettit, R.; Brady, R. C. III 
3. Am. Chem. Soc. 1980, /02, 6181. e) Pet,.it, R.; Brady, R. C. III Ibid_____. 
1981, 10__33, 12S7. 

a) Takeuchi, A.; Xatzer, J. ~ J. Phys. Chem., 1982, 86, 2438. b) Takeuchi, 
A.; KaLzer, J. R.; ~_-_h,.~t, G. C. A. J. Caf~/.,l~, 8_2j 477. c) Takeuohi, A.; 
Ka~zer, J. R.; Crecely, R. W. J. Ca/a/., 1953, 82, 474. c) Loggenbergj P. M.; 
Carlton, L.; Copperthwaite, R. G.; Hutohings, G. J. J. Chem. Sue., 
Chem. Commun. 1987, 541. 

For a review on the  " In t e r ac t ion  of  KeLenes with Ogsnonometall ic  Complexes" 
see: Geoffroy, G. L.; Basener, G. L. Adv. Or~anome~. Chem., in press. 

a) Miyaehita, A.; Kihara, T.; Nomura, K.; I~ohira, H. Chem. Lets. 1985t 1607. 
b) Mitsudo, T.; Kadokura, M.; We~anebe, Y. J. Chem. Soc. r Chem. Cummun. 1986, 
1539. c) Kadokura, M.; Mitsuda, T.; Walanabe, Y. J. Chem. Soc. Chem. Commun. 
1986, 252. d) Mitsudo, T.; Kadokura ,  M.; Watarmbe, Y. T e t r a h e d r o n  Left .  1985, 

5143. e) Mitsudo, T.; Kadokura, M.; Wa~anabe, Y. Tetrahedron LeiL. 1985, 
~6, 3697. 

Morrison,  E. D.; Steinmetz,  G. 11.; Geoffroy,  G. L.; Ful tz ,  W. C.; Rheingold,  
A. L. J. Am. Chem. Sou., 1984, ~ 4783. 

5. Morrdson, E. D.; Geoffroy,  G. L. 5. Am. Ohem Soc. 1985, 107, 3541. 

7. a) Bassner ,  S. L.; Morrison, E. D.; Geoffroy,  G. L.; Hheingold, A. L. 
J. Am. Chem. Soc., 1986,. 108, 5358. b) ibid_.___., Or~anometallics, in  p r e s s .  

. 

. 

Morrison, E, D.; Bassner ,  S. L.; Geoffroy,  G. L. Or~anometaHics, 1986, 5_, 
408. 

Zuffa, 3. L.; Gladfe l ter ,  W. L., J. Am. Chem. Soc. 1986, ]08, 4669. 

- 1 4 -  



10. Williams, G. D.; Lieszkovszky,  M.-C.; Mirkin, C. A.; Geoffrey, G. L.: 
Rheingold, A. L. Organometal~iqs, 1986, _5, 2228. 

11. Viswanathan, N.; Morrison, E. D.; Geoffrey, G. L.; Geib, S. J.; Rheingold, 
A. L. InorK. Chem., 1986, 25, 3100. 

12. Macklin, P. D.; Mirkin, C. A.; Viswanathan, l~.; Williams, G. D.; Geoffrey, 
G. L. J. Organomet. Chem., in press.  

13. Bassner, S. L.; Mercer, W.; Geoffrey, G. L. unpubl ished results.  

14. a) Andrews, M. A.; Kaesz, H. D. J. Am. Chem. Soc. 1979, I01, 7255. b) 
Bhaduri,  S.; Gopalkrishnan, K. S.; Clegg, W.; Jones, P. G.; Sheldrick, G. 
M.; Stalke, D. J. Chem. Soc., Dalton Trans. 1S~J4, 1765. c) Bernhardt ,  W.; 
Von Schnering,  C.; Vahrenkamp, 11. Angew. Chem. Int .  Ed. EngL 1986, 25, 279. 
d) Dawoodi, Z.; Mays, J.; Henrick, K. J. Chem. Sc~., Dalton Trans 1984, 433. 
e) Cenini, S.; Pizzotti, M.; Crotti, C.; Ports ,  F.; Monica, G. L 
J. Chem. See.,  Chem. Commun. 1984, 1285. f) Alper, H.; Hashsm, K. E. J. Am. 
Chem. Soc. 1981~ /03, 6514. g) des Abbayes, H.; Alper~ H. J. Am. Chem. 
Soc. 1977, 99, 98. h) LJEplattenier, F.; Matthys, P.; Calderazzo, F. InurE° 
Chem. 1970, 9~ 342. i) Weigert, F. J. J. OrE. Chem. 1973, ~_~ 1316. j) 
Brauns~ein, P.; Bender, R.; Kervennal, J. OrEanometsIlics, 1982, !, 1236. k) 
Alper, H.; Paik, H. N. Nouveau Journal De Chemie, 1978, 2_j 245. l} see also 
US Patents 3 576 835, 3 719 699, 3 737 445, 4 491 670, and German Patents DE 
1 815 517, 2 165 355, and I 901 202. 

15. Smieja, J. A.; Gozum, J. E.; Gladfelter, W. L. OrKanometsl|ics. in press .  

16. Han, S. H.; Geoffrey, G. L., and Rheingold, A. L. J. Am. Chem. See., 
submitted for publication. 

17. Smieja, J.; Gladfelter, W. L. InorA'. Chem. 1986, ~ 2667. 

18. Lavigne, g.; Kaesz, H. D. J. Am. Chem. Soc. 1984, 706, 4647. 

19. Cenini, S.; Pizzotti, M.; Crotti, C.; Porta, F.; Monicat G. L 
J. Chem. Soc., Chem. Commun. 1984, 1266. 

20. a) Williams, G. D.; Geoffrey,  G. L.; Whittle, R,R.; Rheingold, A. L. 
J. Am. Chem. S ~  1985, /07, 729. b) ibid., in  press .  

21. Han, S. H.; Geoffrey, G. L.; Rheingold, A., in prepara t ion .  

22. For reviews, see: a) Nugent,  W. A.; Haymore, B. L. Coar.d. Che.m. Rev. 1980, 
3/, 123-175. b) Cenini, S.; La Menica, G. InorK. Chim. Acts  1976, ~ 279. 

23. Williams, G. D.; Geoffrey,  G. L. Organpmetsllics, 1986, 5, 894. 

24. (s) Burgess,  K.; Johnson,  B. F. G.; Lewis, J.; Raithby, P. R. 
J. Chem. Suc., Dalton Trans.  1982, 2119-2122. (b) Herramnn, W. A.; 
Kriechbaum, G. W.; Dammel, R.; Bock, H.; Ziegler, M. L.; Pf is terer ,  H. 
J. OrganomeL Chem. 1983, 254, 219-241. (c) D'Errico, J. J.; Messerle, L.; 
Curtis, M. D. InorE. Chem. 1983, 22, 849-861. 

-15- 



FIGURES . 

Figure 1 

Figure 4 

Figure 2 

N~ 

Figure 3 

Figure 5 Figure 6 

Figure 7 

% m 
# 

Figure 8 Figure 9 




