— o
{0 G AR | ’

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

. U.S. Department of Commerce
National Technical Information Service




£ER|132923 T

A PROGRESS REPORT SUBMITTED TO TEE
DEPARTMENT OF ENERGY ‘

DOE/ER/13323--T
FOR SUPPORT OF RESEARCH ENTITLED: DES7 014452

MECHANISTIC STUDIES OF CARBON MONOXIDE
REDUCTION

- GRANT NO. DE-FGO2-B5ER13323-A003

PRINCIPAL INVESTIGATOR: Gregory L. Geoffroy
Department of Chemistry
The Pennsylvania State Umiversity
University Park, PA 16802

Social Security KNo.: 400-64-5958
Phone: (814)865-1924
AMOUNT FUNDED: ' $331,000

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

DOE PROJECT OFFICER: Steven A, Butter
Divicsion of Chemical Sciences
Office of Basmic Emergy Sciences
U.S. Department of Energy
Germantown, MD 20545

DOE CONTRACTING OFFICER: Charles G. Frazier
Acquisition and Ass1stance
Operations Branch )
U.S. Department of Epergy, AAOD-1C
Chicago Operations Office
9B00 S. Cass Avenue
Argonne, IL 60439

DOE ADMINISTRATOR: Rory S. Simpson
U.S. Department of Energy, AAOD-1C
Chicago Operations Office
9800 S. Camm Avenue
Argonne, IL 604383

Sy et 6/ e,

Gregofy’ L. Geoffioy Date
Principal Investigator




A.

1.

Personnel

Postdoctoral Fellows:

Nume Underpgrad. Ph.D. School Present location
Peter Jernakoff M.I.T. Harvard duPont
John Sheridan U. Bristol, U. Bristol Rutgers U.,

U.K. Asst. Prof.

Graduste Students:

Nume Undergrad. School Ph.D. Present lLocation
Eric Morrison U. of Minnesota 1985 k17|

Steve Rosenberg SUNY, Albany 1985 Dow

Tom Targos U. of Illinois 1985 Olin

Greg Williams UNC, Chapel Hill 1986 Mobay

Sherri Bassner Goucher College in prog. -—

Sung-Hwan Han Seoul National U. in prog. —

Phillip Macklin U.S. Military Acad. in prog. -—-

David Ramage U. South Alabama in prog. -—-

. Undergraduate Scholars:

Name B.S. Present, Location

Chantal Lieszkovszky 1985, PSU Research Chemist, PP&G

Chad Mirkin 1986, Dickinson Graduate Student, Penn State
John Johnson 1986, PSU Graduate Student, Northwestern
Stephen Frey 1987, Ithaca Graduate student, Penn State
Sonbinh Nguyen in progress Freshman at Penn State

Ronald Powell in progress Junior at Penn State

Faculty Associates:

Dr. Robert Whittle, Penn State X-ray crystallographer.
Prof. Arnold Rheingold, University of Delawsre, X-ray crystallographer.
Prof. Nathan Viswanathan, Penn State Fayette Campus.

Publications Resulting from this DOE Grant
{(*No’s 12~15 have been added since the 8/B6 report)

williams, G. D.; Geoffroy, G. L., Whittle, R.R., Rheingold, A. L., "Formyl,
Acyl, and Carbene Derivatives of Fes{us=EPh)z(CO)s (E=N,P}. Unique Examples

of Carbene-Nitrene and Carbene-Phosphinidene Coupling”, J. Am. Chem. Soc.
1985, 107, 729.

2. Morrison, E. D.; Geoffroy, G. L. "Halide~Promoled Insertion of Carbon

Monoxide into Osmium~gz-~Methylene Bonds in Triosmium Clusters”, J. Am.
Chem Soc. 1985, 107, 3541.

3. Morrison, E. D.; Whitile, R. R.; Geoffroy, G. L.; Rheingold, A. L. "Fifty

Electron [083(CO)io(x~CHa}{f~X)}]~ Clusters Derived from Resaction of )
083(CO)u{p~CHz2) with [(PPha)}:N]X Salts. Siructural Characterization of the X
= NCO and I Derivatives. Organometallics, 1985, 4, -1413.

-1-



5.

6.

8.

9.

Morrison, E. D.; Bassner, S. L.; Geoffroy, G. L. "Synthesie of
O83(CO)10{CHa)(2-I) with an m!-Methyl Ligand and Its Insertion of CO to give
Acetyl Derivatives", Organometallics, 1986, 5, 408. ’

Targos, T. S.; Geoffroy, G. L.; Rheingold, A. L. "Synthesis and Molecular
Structure of the p-Acetyl Compiex Cp{CO)iMo(p-0=CCHa){un~PPhz)FeCp(CO)",
J. Organomet. Chem. 1986, 299, 223.

Williams, G. D.; Geoffroy, G. L. "Reaction of (MeCp)Mn(CO)z(THF) with PhCHzNa
to Vield Binuclear (MeCp)aMna(CO)ap~C{O)N(CHzPh)Nz], an Intermediate in the
Formation of Benzyl Isocyanate", Organometsilics, 1986, 5, 894.

Viswanathan, N.; Morrison, E. D.; Geoffroy, G. L.; Geib, S. J.; Rheingold, A.
L. "Insertion of SnClz into an Os-0Os Bond of 0s3(CO)u{u-CHz) to Give the
Planar Cluster OsaSnCla(CO)1i{z-CHz2) with a Pentacoordirate Tin Atom",
Inorg. Chem., 1986, 25, 3100.

Williams, G. D.; Lieszkovezky, M.-C.; Mirkin, C. A.; Geoffroy, G. L..

Rheingold, A. L. "Addition of the Os-CH: Bond in O0s3(CO)u(u~CHz) to
PL(PPha)2 to Give the Spiked Triangular Cluster 08aPt(p~CHza) (CO)1:(PPha)z. .An
NMR Investigation of the Fluxional Properties of 083(CO)11{p~CHz2)"
Organometallics, 1986, 5, 2228.

Baasner, S. L.; Morrison, E. D.; Geoffroy, G. L.; Rheingold, A. L.
"Conversion of the u~Ketene Ligand in [PPN][Os2(CO)w(u-I){2-CHzCO}] into
Enolate, Acyl, and Vinyl Ligands" J. Am. Chem. Soc., 1986, 108, 5358.

10. Williams, G. D.; Whittle, R. R.; Geoffroy, G. L.; Rheingold, A. L.

"Rormation of Imidates, Amides, Amines, Carbamates, and Ureas from the
f2-NPh Ligands of Fes(ia-NPh)2(CO)h" J. Am. Chem. Soc., in press.

11. Bassner, S. L.; Morrison, E. D.; Geoffroy, G. L.; Rheingoid, A. L.

"Conversion of the p-Kelene Ligand in [PPN1{Oss(CO)io(u~I){u~-CH2CO)] into
Enolate, Acyl, and Vinyl Ligands. Crystal Structure of the Enolate Cluster
[PPNI[0s3(C0)11{CH:C(0)OCHs}]." Organometallics, in press.

%12. Geoffroy, G. L.; Bassner, S. L. "Interaction of keteneavwith Organometallic

Compounds. Ketene, Ketenyl, and Ketenylidene Complexes"
Adv. Organomet. Chem., in press.

*13. Macklin, P. D.; Mirkih, C. A.; Viswansthan, N.i Williams, G. D.; Geoffroy,

G. L. "Synthesis of Cp(CO)CoPt(PPha)2(2-CH2) and CpaCoiPi(PPha}2(1-C0)2
from the Reaclion of Pt(PPhs)a(CaHs) with {CpCo(CO)Ja(u~CHz2)"
J. Organomet. Chem., in press.

£14. Han, S. H.: Geoffroy, G. L., and Rheingold, A: L. "Halide Promoted

Formation and Carbonylation of pa-Nitrene Ligands" J.. Am. Chem. Soc.,
submitied for publication.

#15. Han, S. H.; Geoffroy, G. L.; Rheingold, A. "Rus(CO)1s(p23-NPh}a: An Unusual

Cluster with a Structure Having Two Fused Bufferflies esach Bridged by a
+ 4+~NPh Ligand", in preparation. v

%16. Bassner, 8. L.; Geoffroy, G. L.; Rheingold, A. "lsocyanide Induced

Insertion of CO inio Osmium-Metihylene Bonds to Form u-Ketene Ligands", in
. preparation.

—2-



Narrative

There is strong evidence that surface bound carbenes play important roles in
helerogeneous syntihesis gas reaciions to produce hydrocarbons and oxygenaied
products.! One important reaction that such species may undergo is insertion of
CO to give keienes which have been invoked as inlermediatles in the production of
both Cz-oxygenates and hydrocarbons.? Also, the insertion of CO into
metal-carbene honds to give kelene complexes is developing as an important siep
in many stoichiometric reactions of organometallic compounds? and is now finding

applications in organic synthesis.4

Allhough a few ketene complexes had been characterized at the iime we began
research under the present DOE grant, the chemigtry of coordinated ketenes had
been gcarcely investigated. For example, it was. nol undersiood how the keiene
coordination mode affected the reactivity of this ligand nor even what types of
transformetiions were possible. We had previously demonstraied thai the methylene

ligands in clusters 3 and 4 readily insert CO to form u~ketene ligands, egs. 1
and 2.56

Os{(CO0)g4 0s(CO)q
t1,2=120min
(CO)aOs<——"Qs(CO)3 + CO (C0)a0s 0s(C0)a
N3—<Ch 220¢, 1 atm Nc-cHf
¢ 3 4 1

0s(C0)4 _I" 0s(C0)a '_l'
NN tisz < lmin X
(CO)aOSé“:_\ 0£(C0)s + CO (CO)aOs'// \\Os(CO)a

cHs 220¢, 1 atm N co-cng

4 (X=C1,Br,1) d 2

With these results in hand, we decided to undertake a remctivity study of the
ketene clusters 1 and 2 so as io define the chemisiry of this imporiant ligand.
That became a major objective of the preseni research program. Secondary
objectives were to prepere new ketene complexes with other meial ligand

combinations and to further develop the chemisiry of the u-CH: clusteras 1 and 2.

Since the g-CH: = p~CH2CO conversion worked so smoothly in this system,
we considered the possibility of anslogously inserting CO inio metal-niirene
bonds to form free or coordinated isocyanates (s-NR =+ u~-RNC=O). This is an

important reaction because of the industrial interest in converting inexpensive
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nitro~organics via carbonylation intd value-added productie such as isocyanales,
carbamates, and ureas. Thus, a second major objective of this research program
was to determine if u3-NR ligands undergo such carbonylation chemistry. What we
discovered is that halides exhibit a remarkable promoting effe‘ct on thease
carbonylation resctions, as they also did on the methylenme carbonylation
reactions of egs. 1 and 2. There are a number of examples of halide promoled
organometallic t.rénsformations, many of them catalylic, but relstively few are
understood in any detail. In order to optimize and intelligently employ such
promotion chemisiry, il is essential to have a betier understanding of why and
how it works. Thus, we began to investigate the halide promoted p3~NR -+ RN=C=0
conversion in deiail so as to provide fundamenisl information for this example.

Those studies are still in progress, but important advances have been made.
This repori briefly summarizes our progress in all of ithese areas, beginning

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

recenl work on the niirene carbonylation chemisiry.

A. Transformation of Ketene Ligands into Enolate, Vinyl, and Acetyl Ligands.

In our firsl repori of the synthesis of compound 1, we noted that it reacis with
MeOH, H20, and Hz to .give methylacetate, acetic acid, and acetaldeﬁyde,
respectively.5 We have more recenily focussed on the anionic keiene complex 2
and have discovered that the ketene ligand can be readily transformed into
enolale, vinyl, and acetyl ligands as well as free amides.? All of these sludies
indicate that nucleophiles attack the ketene carbonyl earbon whereas
electrophiles add 1o ithe carbonyl oxygen. .
) / 0s(CO) 4-] -
(c0)ao<;/:c\/0sé)a

X,
. 0 N\
NUC-J E+
-2

The reactions with nucleophiles parallel gimilar reactivity patterns with free
ketene, bul the electrophile reactiona are different as uncoordinated ketene

typically adds electrophiles to the methylene carbon.

Nucleophiles such as MeLi, NaOMe, and HOMe converl the y-ketene ligand into
enolate ligands, eq. 4.




0s(C0)q - 65(00)4 —"

1 220C _
(CO)aOsé QOS(CO)Q + Nuc~ ————= (C0)a0s 0s(C0)a (4)
CHa—CY + CO CHaz
2 0 - HI PN 5, Nuc = Me
0 Nue 8, Nuc = OMe

Both 5 and 6 were spectroscopically characterized, with the structure of 6 fully
confirmed by an X-ray diffraction study, Figure 1.7 Only iwo other ni-alkyl
carbonyl clusters are khown,'-“ one of them described below, and compounds § and

6 thus significanily expand thie relatively small family of compounds.

Electrophiles were found to add to the carbonyl oxygen of 2, as clearly
illustrated by iis react:on with MeOTf to give the speciroscopically and

structurally chamcterzze%o,ﬂ-‘nnyl cluster 7, eq. 5.7

0s(C0)a '\' . 'OSQ})‘
1 920¢ I
(CO):!OS/ \'05(00)3 + CH3OTf =mmm—s ((0})20s8? \GS(CO)a (5)
NcHe~c{ 3 hrs \/c
z o CH2C1l2 H2C% MOCHa
7 (71%)

Cluster 2 also undergoes protonation at the carbonyl oxygen to firat form the
unstable hydroxyvinyl cluster 8.7 This species was spectiroscopically
characterized, but it rapidly undergoes keto-enol tautomerization to give the

known acetyl cluster 9, eq. 6.7

0s(C0)a .l' Os(CO)q 05(00)4 (6)
I + H*
(CO)aOs/ Ns(C0)s (00)305/ \0s(c0)3 — (€0)20% \05(c0)3
' Ncnz-cf \/ \c-—c
o R CHY
2 8 9,70%

Spectroscopic daia also showed thal BFs adds to the carbonyl oxygen to give an

unstable vinyl cluster analogous to 7 and 3.7

An important cohcluaion that can be drawn from the obsgerved reactions of 2
with electrophiles is that oxycarbene (2b) and oxyvinyl (2¢) structures are

imporiant resonance forms for this anionic cluster, eq. 7.7

0s(C0)a -" 0s(CO)a Os(\C\O)d (7)
I G I Gy I
(CO)aOs/ ~s(c0)s (c0)a0s " TN0s(C0)a (00)305/ \Os(CO)s
NcHe—cf N CHz-C” ~ _c{
2a o 2b No- Zc cuZ So-
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Thé o,m~vinyl resonance form is unique to an anionic kelene complex such as 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 ligands clusters 1 and 2 might also
undergo such chemistry. Accordingly, the reactions with potential substrates
such as CHa=CH(OEt), PhHC=NMe, and Me0aCC=CCO2Me was explored, but i:p no case
was reaction oi)served. These keotene complexes also failed to give clean
chemistry with BHy»THF, LiBHEts, Mel, and NaNHaz.

B. Isocyanide Induced Ketene Formation. An interesting question concerns how
isocyanides would react with the p-CHz: clusters 2 and 3. Isocyanides are
iscelectronic with CO and could either induce CO insertion to form a ketene
ligand as in 10, eq. 8a, or could themselves inseri to form an analogous

ketenimine ligand as in 11, eq. 8b. )

0s(C0)a

AN (8a)
(RNC)(C0)a0s 0s(CO0)a {RNC)
0s(CO)a NcHz—c{
. 10 o
(C0)a05.=——0s(C0)a + RN=C
Ng~<ons « /Os(CO)q (8b)
3 ¢
" (€0)a0s 0s(CO0)a (RNC)
' NCHa—C{
11 SNR

Reaction with 3 and Bu'N=C was found to proceed smoothly to give only the ketene

complex 10 which was spectroscobically and structurally characterized.

C. Proton Induced u—CH: o CHs Conversion. Methylene and methyl fragments
are believed {o be imporfant surface intermediates in many heterogeneous
catalytic remctions, 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 obaerved its transformation into the methyl
substituted cluster 12, eq. 9.% k



0s(C0)4 ‘1" 0s(CO)a + CO 0s(CO)a

I \ + H+ — I m—— I
""\\\Os(CO)a n(co)aogégg;i;§bs(c0)a (C0)a05~" 0s(C0)s
™~ cH” ] Gy

2 CHs 12, 64% CHs 0, 13, 47%
JA,—CO (9)
0s(C0)4
~
(C0)30s \\\Os(CO)
\\c-o
cHS 14

Methyl complex 12 is the only exampie of which we are aware of a simple alkyl
substituted carbonyl cluster without an "agostic” M-H-C interaction. Like
mononuclear alkyl complexes, it readily inserts CO to form a terminal acetyl
cluster (13} which then loges CO to form the u-acetyl cluster 14. This resaction
had never before besn modeled on a cluster compound because of the lack of a
suitable alkyl clusier to study.

D. Heterobimetallic u-Methylene and ju-Ketene Complexes. We wished to examine
the CO insertion chemistry of a series of heterometallic u-CH: complexes to

determine from which meial does the insertion occur and whether or not the

ketene ligand can undergo the coordination isomerism shown in eq. 10.

H2 0
C—C,
M M?
Hz
~C~_ + CO (10)
M——M Ha
t—c¢

P
M 'L
A number of heterobimetallic g-CH: complexes are kncwn, but none are known
to undergo CO insertion to form u-keilene complexes. Since Osa(CO)ulu-CHz), 1,
readily undergoes such reaction, a heterometallic derivative of this complex

would be a viable candidate Lo explore the issues of eq. 10. We thus treated 1
wilth PL(PPhy)2(CH2=CHz) and formed the PiOs3 clusier 15, eq. 11.19

03(C0)}a /OBQ))A
(11)
(€0)a05=——0s(C0)3 + "Pt(PPh3)2" =+ (C0)405 Os Pt(PPhs)2
NG<CHa (COYa NCHE
d 1 15 (68%)

The structure of 15 is rather unusual and so il was crysiallographicaily

characterized, Figure 2. Unfortunately, 15 did not form a ketene ligand when

]



ireated with‘ CO but instead gave subsiitilion of CO for a Pt~PPha ligand.

Similar addition of SnClz occured to 1 to form the unusual 0s:Sn methylené

cluster 16, eq. 12.1

. Clz
} 22°C Sn
0sa(z~CHz)(CO)11 + SnClp = (C0)s 05— \\05(00)4 (12)

THF 1 _
3 © HzC Os 16, 91%

- {CO)s (x-ray)

This species was alsc structurally characterized, Figure 3, and found to possess
the unusual peniacoordinate tin atom. However, il also did not inseri CO ito form

a ketene ligand.

Given the success of reaction 11, we briefly explored the ulility of
PL(PPhs)2(CH2=CHz) for forming other heterobimetallic x~-CHz complexes. One

successful example is that shown in eqg. 13.12

‘ 0
Pt(PPha )}z (Cz2Ha) H2 Cp_ /C‘
+ A Cp C\. ,PPhs T TCo</f_ s PPhs
Ha — >c°/—1=< + I\ ~p¢/ (13)
O oc ~ \PPhs W\ ~7 “Pphs
Cp(€O0)Co——CoCp(CO) 17 (63%) /Co 7
. (x-ray) cp Ne

o 8 (4%, x-ray)

—

The major product of this reaction was the bimetallic methylene complex 17,
although a bonus was the additional formation of 18. Both of these complexes
were crystallographically characterized, Figures 4 and 5, but unfortunately the
methylene complex 17 did not insert CO to yield a pu-ketene ligand. It is obvious
that we still have much to learn concerning the factors which favor the
methyléne to ketene conversion in compounds of tih'ese types.

Bimetallic u-ketene complexes have also been prepared by the quite different

rouie shown in eq. 14,19

0 +Buli 0 +(CO)sMBr 0 (14)
Cp(C0) (L)Fe~C/  mmm—s [CP(CO)(L)Fe=Cf . | mmmmmmmmmmt Cp(C0)(L)Fe-CC
. NCHa \CHz~ CHz-M(CO)s
L =.PPha 18 20, M = Mn
21, M = Re

Complexes @' ana 21 were spectroscopically characterized, but both proved toco
unstable for detailed reactivity studies.
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E. Halide Promoied Formaiion and Carbunylation of Mitreme Ligands. Niirene
ligands are believed important in the catalytic carbonylation of nitroaromatics

to form isocyanates, carbamaies, ureas, and oiher organics." Although details

of the mechanisms of these carbonylation reactions are unknown, the stepwise
deoxygenation process RNO: =+ RNO -~ M-NR followed by carbonylation of the nitrene
ligand to form RN=C=0 has been often suggested. To undersiand these mechanisms
we have used organometsllic cluster compounds to model the importani reaction
steps. A significant finding has been the remarka.ble promotion of the

nitrene carbonylation by halides. In the absence of halide, the nitrene cluster
Rua{23-NPh}{CO)1, 22, has slowly (8.5hr} gives PhN=C=0 and Ru(CO)s under 170

atm of CO ai 120°C,'5 but we observed no reasction when lower CO pressures (4

atm, 120°C, 22hr) were used.’® However addition of halide ions to 1

dramatically promotes ihe carbonylation such that it rapidly proceeds under

extremely mild conditions, eq. 15.%

Ph

N , -
\\t::Ru(CO)a Ru(CO)a -]
S ' + [PPN]X
(CO)aRa

masm—— PhN=C=0 + (CO)zRu Ru(CO0)s (15)
\/\Ru(CO)a + €0 (1 atm) \X/
/ 220C, THF 23a, X = C1
C 44 (5 min for 23b, X = Br
- 0 X=C1-) 23c, X = I

The halide substituted clusters 24 were identified as intermediates in this

process and they were isolated in high yield from reactions run in the absence
of CO, eq. 16.1®

Ph -
- N [PPN]+

\\:::Ru(co)a

220¢c (COJ2 — //

22 4+ [PPN]X e /Ru-___~§£~ + CO (18)

fast X \\\\ // Ru(CO)a

THF
c 24a, X=C1 (92%)
0 24b, X=Br (96%)

24c, X=I (94%)

Complex 24c, as its [Na(l8-crown-6)}}* malt, was structurally characterized,
Figure 6, and similar structures are indicated for 24a and 24b on the basis of
IR data. The only notable structural consequence of the halide substitution was
2 movemeni of ihe p3-CO ligund closer to the iodide substituted Ru, butl there

was essenlially no change in Ru~-Ru and Ru-N distances as compared to 2Z. .
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Clusiers 24a-c were found to individually react with CO (latm, 22°C) to give
PhN=C=0 and 23a-c, but with a significant halide degendem::e: ~ty/2’s, Cl (Bmin)
< Br (80min) < I (5hr). Although the reasons for the halide promotion of the PhN
to PhN=C=O conversion are unknown, we suggest that halide may induce the
jnsertion by assuming gz or pa bridging posilions as the PhNCO ligand is formed
and removed from the cluster. Note that the components of PhNCO donate a total
of 6e~ in cluster l and occupy three coordination sites which must be filled as

the isocyanate lgaves.

Halides also promote the fozl-mation of nitrene ligands from nitrosobenzene.
The unpromoted reactionn between Rua(CO)u and PhNO proceeds at 57°C to give 22 n
46% yield (2hr, THF).Y However, addition of PhNO to room temperature sclutions
of the halide clusters Z3m-c results in rapid formation of 24a—c in near
quantitative yield: ~tiza's, Cl (<lmin} ~ Br (<lmin) < I (15min}.2?®* We suggesi
that the formation of the wo-NPh ligand from PhNO requires initial coordination
of the nitroso reageni to a Ru atom and that the halide promotion of the Pl.’lNO to
p2~NPh transformation is just a simple consequence of the previously observed
halide promcied ligand substitution reactions of Rus(CO)1.!® Here the effecl of
halide is believed to be enhancement of the rate of CO dissociation, opening a
site for the incoming ligand.’® Noie that the relative halide promoting

abilities of the two reactions are the same: ClI- > Br- > I-.18

Since halides promote both the formation of nilrene ligands from PhNO and
the é;i-bonylntion of nitrenes io isocyanates, they should also effectively
promote ihe catalytic carbonylation 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 phenylisocyanaie dimer and irimer.1®

1:1 Rus(CO)12/[PPN]C1

PhNO + 2 CO - {PhN=C=0}x + €Oz (17)
1 hr, 55°C, latm '
B turnovers

However, the catalytic activity for the PhNO {o isocyanate transformation ceases
after ~1 hr during which time a presently unidentified and catalytically

jnactive organometallic product forms.

Cenini, ot _al. have previously shown that halides are effective promoters

for the Rua(CO)1z catalyzed carbonylation of PhNO:z in the presence of ROH to
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form alkyl N-phenylcarbamates and mniline {160-170°C, 82°atm, 7 hr, ClI"/Rua =
7/1)."® Chloride was the superior promoler, bolh for 4 conversion and
aelectivily to Lhe desired carbamate. Their findings are consistent with our
observations thal chloride is a subsiantially %:siter promoter for both the PhNO
to us-NPh conversion and for the nitrene carbonylation.

F. Formation of Imidates, Amides, Amines, Carhamnies and Ureas from
the pa-NPh Ligands of Fes{us-NPh)2(CO)s. One objective of our research bhas heen
_to betler define the chemisiry of the liitle siudied ia-nitrene ligand. In this
work we formed derivatives of Fes(CO)e{2a-NPh)2, 25, with formyl, hydride, acyl,
carbene, and meihoxycarbonyl ligands by the reactions given in Schame I.20
Scheme I:

Ph T- Ph

Fe = Fe(CO)a _l*
Fe’ = Fe(CO0):2 Ph

N
\ .
NaOCHa / //F

All of these complexes were spectroscopically characterized with the novel
carbene-nitrene clusier 26 further defined by X-ray diffraction, Figure 7. It is
one of the few organometallice that simultaneously possesses carbene and nitrene
ligands, and 2 surprisingly reaction was the carbene-niirene coupling which
cccured with this species to form the imidate 27, eq. 18.%

11~



Ph : ‘ .- Ph
N

/ >Fe(00)a /N\/Fe(co)a
A/ +C0, latm /OEt ‘/\//

(CO)aFe s PhN=C +  (CO)aFé (18)
s \\LFe(CO)z 6 days \Ph ""/\’Fe(con
. pgo¢ 27 (97%
N// \\ 27 ( ) c/

\C-OEt
h

26 Ph P 0

A double-labeling experimeni showed that this reaction was striclly
intramolecular. Similar coupling of carbene and phosphinidene ligande occurred
with the analogous p2=-PPh cluster 28, excepi that the coupled ligand stayed
attached to the cluater framework, eq. 15.%0

Ph Ph
P p -
\ SFe(C0)a N Fe(C0)a
(C0)aFe < + Co (coyeréd—" N/ (19)
< Fe(CO)2 ——— \ / Fe(CO)s .
\ /7 \ Et0—C—B” ‘
p7”  c-oBt / Ph
Ph Ph - Ph + {x—ray, Figure B8)

One of the questions pbsed in this study concerned the possiblility of
forming the carbamaie products of catalyfic nitroaromatic carbonylations via

coupling of nitrene and methoxycarbony! ligands, eg. 20.

‘ . Ar Ar _]
+ ArNOz  _Ne_ +ROE . _N_ O !+H H 0
M——M-CO =t M—|—=U~-C0 ———r M—|—M-cf —— arN-cZ (20

NM” - €02 ~MS - H* N ): OR

To model this reactiion, the methoxycarbonyl cluster 23 in Scheme I was prepared.
Indeed, this species underwent coupling of the methoxycarbonyl and niti'ene
ligands to form methyl N-phenylcarbamate when heaied, supporting the mechanistic
suggestion of eq. 20.% .o

G. Miscellaneous_ Studies Relnied to Nitrene Clusfers. In the course of
attempis to carbonylate Rua(CO)wo(us-NPh), 22, this species was heated in the
absence of CO and observed to give CO loss and condensation to the unusual
Rus(z22~-NPh)2 cluster 30, eq. 21.2t

. 100°C
Ruz (CO)10 (p3—NPh) st Rus (CO)1s (us—NPh)z
22 13 hr -

30 (90%)

=12~



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

is obviously unusual. Especiully noieworihy are ihe iwo lelrabridging nitrene
ligands and the 7Me~phenyl coordinated Ru. The mechanism by which this species
forme must be complex, buti analysis of its siructure suggests an aliernative
synthesis via addition of a Rua{CO)x fragment to the preformed bis(nitrene)
cluster Rua{CO)e{zza-NPh)a, 31. Indeed, reaction between Rus{CO)iz and 31 gave
cluster 36 in 90% yield. This Iatier reaction suggests that combination of 31
with other metal carbonyls may yield heteronuclear niirene clusiers of similar

structures. Such reactions are currently under investigation.

Niirene containing metal clusters are clearly in need of further siudy, but
one problem that may limit the development of their chemistry is the paucity of
compounds thai coniain us-NR ligands and the lack of general, high yield
synthetic routes to them. One potential route to u3:-NR capped cluater's i the
reaclion of organic azides with coordinetively-unsaturaied metial carbonyls. This
route has been occasionally used, but it is not general.?? We wished to extend
this methodology and accordingly examined the reaction of PhCHaNs with
{MeCp)Mn{CO)z(THF), anticipating the formation of a Mna(u-NR) cluster. However,
this reaction did nol produce p:-NCHzPh compounds, but rather azide-carbonyl

coupling occurred to give the movel binuclear complex 32, eq. 22.%

Cp
OC ~—Mn

PhCHz Na PAIRN

(MeCp)Mn(CO)2 (THF) ey ==N N
N (22)

(MeCp=n-Cs HaCHa ] LAY MnCp
PhCHE 8- |

0 c 32
0

The structure of this product, Figure 9, unexpectedly gave mechanistic
information relevani to the azide to isocyanate conversion. The reaction of
azides with CO to vield isocyanates and isocyanate derived products is catalyzed
by metal comrlexes, bui the mechanism has not been well defined. It has been
suggested that it involves attack of azide on_a CO ligand to give an
intermediate such as A followed by N: lors and de-coordination of the RNCO
ligand, eq. 23.

(4] -N2

M-CO + RNy == | ¥4-¢7 |e=m—= RNCO + M  (23)

,N-R '
N2 A

However, intermediates such as A have never been observed in mononuclear

-13-



complexes. Two examples are kmnown with polynuclear species,??® bui the conversion
of such u-C(OI)N(R)N2 ligands to the corresponding isocyanates had not been

esiablished prior io our siudy. We were able to show thal the p~C(O)N(CHzPh)N:

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

THF solutiion. Mononucleai' (MeCp)Mn complexes were formed in this latter

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

complexes converl an azide info an isocyanale via the inlermediacy of a

binuclear species. This is & unique example of a reaction sequence which

proceeds from a mononuclear complex to a binuclear species-and then back to tke

mononuclear complex, where the binuclear species is a necessary component for

siabilizing a reacltive intermedinie so that it can be subsequenily iransformed

into the desired product.
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