WO 03/ 027127 PCT/ US02/ 14301 - 1 METHODS OF SYNTHESI ZI NG RUTHENI UM AND
OSM UM COVPOUNDS Field of the Invention This invention is related to a

met hod ofwo33@yniehesi zi ng organonetal lic materials. Mre pepdasotiaoally,
this invention is directed to a nethod for synthesizing ruthenium and

osm um conpounds. Background of the I-nviention 10 Ruthenium (Ru), osm um
(GCs), and, their oxides are materials under consideration for use as

el ectrodes il\q i rroeI ect ric menor y and
| ogi ¢ chi ps) EFHBEE Hbte , , i OFFBHEPS| es, such
as low electrical resi stance, 15 hi gh work functl ons [ nt er-1|ayer cheni cal
di ffusion resistance, and therpmal and oxidative stabl lity. In addition,
Ru, Gs and their oxides prod nv SPattice paraneters and

t hermal expansi omrgioeffrivdriiteh tikatrdmBkesd hesn compatdblge Wi th many 20

di el ect r| c materials under consideration for future sem conductor devices.
Cheni cal ° vapoi 5ot ¥1D P Vo a e bl ke dhHi i L £ hatMqze wi del y utilized in
the fabri catdn:10fi €1, cw}ﬁ%ctl%vé}@a/l&@slé QFQAuee e, I analsy of 25
material s that make the devices. CVD chemi cal conpounds (referred to as
precur sors) fare ayyesportiew qubhaiel Wapsid phasian &%&P%Eﬂgsa surface where
they deconpose by sone neans (e.g. thermal, chemcal or plasna
activation) to produce a solid filmof a desi r ed 30 material conposition.
The use of CVD techni ques Bagkgnatigeohdtlte rinvrsiian and rut heni um oxi de
thin filge for SERAANINE! G deWGpean Deemh APTONSL Ahehdd fre NuTber of

publications. See, for exanple, W 00/12
materlals under con81deratlon for use as electrodes in

future semiconductor devices (e.g. ferrocelectric memory
and logic chips). These materials possess attractive
physical properties, such as low electrical resistance,

15 high work functions, inter-layer chemical diffusion
resistance, and thermal and oxidative stability. 1In
addition, Ru, Os and their oxides produce thin films
with lattice parameters and thermal expansion
coefficients that make them compatible with many

20 dielectric materials under consideration for future

semiconductor devices.

Chemical vapor deposition (CVD) is a technique
that is widely utilized in the fabrication of
semiconductor devices to produce the layers of

25 materials that make the devices. CVD chemical
compounds (referred to as precursors) are transported
in the vapor phase to or near a surface where they
decompose by some means (e.g. thermal, chemical or
plasma activation) to produce a solid film of a desired

30 material composition. The use of CVD techniques to
produce both ruthenium and ruthenium oxide thin films
for semiconductor devices’has been demonstrated in a

number of publications. See, for example, WO 00/12766.



WO 03/ 027127 PCT/ US02/ 14301 2 Ruthenium and osm um conpounds suitable for
use as CVD precursors will be required if these naterials are

i ncor por awed?3jomtie7 conmer ci al sem conduct or devi ces usi ng PCAAISEY/DX301

techni que. Further, there have been 5 prom sing reports of enploying both
cycl opent adi enyl ruthenium (11) conpt éxes and rut heni um (0) carbonyl

conpl exes as CVD precursors. U S. Patent No. 6,114,557 discloses a

synthetic route ta the ruthenium (0Q) carbonyl lexes. 10 T

oY eparat | on O AL T Phe PR TR G 499 10 S neut r a
l'i gand, M =pRecorrdds;s =11 wed recand-ae-1 ff ot sdatashiadk taxrd he | ate
1960' s when .their repar.ation was first described in the scientific
literature. lfﬁgrfﬁf%rtﬁp&&fgﬁarcwq esetr?)lqcﬁ?ég CHeF (fjgﬁfﬁdtﬁﬁs i nvol ves
the reacti omsdfRUHLCOVIR tdhhiaiud | gand;tHdlr | hehdregenee fera sol vent at
reflux. The solvent of choice for these reactions was generally benzene.
Reacti on Opr%swggqﬂq%%iogngqp%qﬁw%w Wﬂ%?g?mlr ed in the
sol vent benzemeeati unef (Y. co2P138@s tafnsaneinalm . (MYatdd@onkd67, pp.
902-3. Preparation of (diene)Ru(CO 3 conplexes including H8Ru (CO 3

and C8HL2Ru BB SX0Rs XS Rasce 558par ed ¥ rom PRt dieti on of Ru3(CO) 12

with 1,3-cyd ahexadeng fNdbsel 3 @4alieratadi ene d espeaatd el dhed itk ef | uxi ng
benzene. 25 See, Cow es, et al., Chem Comm 1969, p. 392. A second route
to [(di ene) R CORIPEBRp s eXe%vol ves di spl acement reactions using
C8H12Ru(CO) 3 as the starting material. As described above, this conpound
is prepifed by r&hananapanien @fe commAotite B ofthe Wmydiaooct adi ene and

Rua (00 127 [FheofBHERRU, (L0l A.1 51146, raactgd withs angther djene (for
exanpl e C6H8)" al so
and y=1 to 5] dates back to the late 1960’s when their
preparation was first described in the scientific
literature. The general preparative route to these
15 compounds involves the reaction of Ru3z(CO)i;» with a
ligand, in the presence of a solvent at reflux. The
solvent of choice for these reactions was generally
benzene. Reactions of Ru3z(CQ)i» with diénes, thiols and
phosphines occurred in the solvent benzene at reflux.
20 See, Johnson et al., Nature, 19267, pp. 902-3.
Preparation of (diene)Ru(CO)3; complexes including
CeHgRu (CO) 3 and CgHi2Ru (CO)3 complexes were prepared from
the reaction of Ru3(CO)i, with 1,3-cyclohexadiene and
1,5-cyclooctadiene respectively, in refluxing benzene.

25 See, Cowles, et al., Chem. Comm, 1969, p. 392.

A second route to [(diene)Ru(CO)3] compounds
involves displacement reactions using CgHjsRu (CO)3 as
the starting material. As described above, this
compound is prepared by refluxing in benzene a mixture

30 of 1,5-cyclooctadiene and Rusz(CO);2. The CgHj,Ru(CO)3 is
then reacted with another diene (for example CgHg) also
in refluxing benzene, to produce the desired product.

See, Burt et al., J.C.S. Dalton, 1975, pp. 731-6.



in refluxing benzene, to produce the desired product. See, Burt et al.,
J.C.S. Dalton, 1975, pp. 731-6. WO 03/027127 PCT/US02/ 14301 - 3 Further,
al kene | iwernd®2despl aces C8H12 to form (al kene) Ru(CO 3 c@aplteeBs430mi t h
high yields. See, Dom ngos, et al., J.C. S. Dalton, 1975, pp. 2288-91. -
Finally, U S. Patent No. 6,114,557 discioses an 5 inproved route to
corrpounds with the fornmula L(err)MCO) (err) [L= a neutral ligand, M= Ru

or Cs, d There ction te th utilize is nearly
i dent | cal tE)EQ\ e%?{es%rl O‘Lajb% s &kt ?%Satéagﬁe teg t systemis
slightly nodiaflikeche ) G0 BU&o(nﬁG))axé% I 7ithOhriegctygc wist.h ek, gand(fl n a
sol vent oth r than ben en C y hig oilin vent s or
exanpl e toI étnpal dI'r‘#e ?ﬂf‘slf Z‘Jré7§'l %84 a hi gher

boi l'i ng solvent s ste eads to an |ncreased reactlon rate and i ncreased

product yi el d. RN Ug therfe i ta Niredt- bl oof Hrioresds 3 the

scientifsc Q'ﬂ@iﬂo@;%d it &gl R n&ﬂmf&rér%ﬁnllaahpn &:@%mounds of
the type L(err)MCO (err) [L= a neutral |igand, X

and y=1 to 5P it Gtz e d-nat ﬁr?éﬂs%mt(?%tl%—]sc%rﬂes Ebﬂ%dxus]sed above

20 describesd hgir sy hesd i NS 119 ARie S0 M4 | ans, &mplpy a
non-reactive solvent systemfor the ese?/nt hesi s of conpounds "of the type

L(err) M CO) y it igadedtad 41hat garErifed ppore OsxseHt thpty thend y=1 to 5],
there has been et eaLidlg i A3 AHAGLHILETL. a gt . L, (el vents free,

reaction route. |In addition, the pritor art references showtha?t th
synt hesi® ofegaitsshyi L thased icmmsl exas 2 isad.ventytHarm uharo Msnsess - t o

requrtre am}]@@ecrﬁaeam i PhreF Vo1 IR A vddt & GoFAeRHpNo- 6,114,557, a
reacti on i Ch
« toluene) are employed. The '557 patent discloses that

a higher boiling solvent system leads to an increased

reaction rate and increased product yield.

15 Although there is a great deal of prior art in the
scientific chemical literature disclosing information
about compounds of the type LiM(CO)y [L= a neutral
ligand, M = Ru or Os, x=1 to 4, and y=1 to 5], it is
believed that the synthetic schemes discussed above

20 describes their synthesis.

While prior art solutions employ a non-reactive
solvent system for the synthesis of compounds of the
type LyM(CO)y [L= a neutral ligand, M = Ru or Os, x=1
to 4, and y=1 to 5], there has been no teaching or

25 suggestion for a neat, or solvent-free, reaction route.
In addition, the prior art references show that the
synthesis of carbonyl-based complexes, i.e., ruthenium
complexes, to require a long reaction time. For
example, in U.S. Patent No. 6,114,557, a reaction which

30 produces (CgHg)Ru(CO)3 is reported to take place over a
24 hour time period. Therefore, it is desirous to have

a novel neat synthesis approach (where the ligand, L,



30 produces (C6H8) Ru (CO 3 is reported to take place over a 24 hour tinme
period. Therefore, it is desirous to have a novel neat synthesis approach
(where theolisgand; L, WO 03/027127 PCT/ US02/ 14301 4 act s Pa3/usor/M3dhe
solvent and as a reactant) that is not taught or suggested by the prior
art. The neat reaction route enabl es thhe reaction to be acconplished nore
qui ckly than by using prior art nethods, while 5 still producing the
desired pro i i hel d. ;N eat_ react,ion . system.i s _al.so

pref erabl e %&gtgus?e% rﬂ|Otgm'ls?Qr}r%l %ﬂlé’s%?‘[ %n?y%sheat irceaéiocrtoacnenE s%%sa?cncles 20\;\%r
conponent s areghdeded.subyeSurmtaby dfhet Ipeilowenttd.on THe sidatvention i s
directed to_a LhOd;Jéﬁfe S %&Hesi Lng a _car.bonyl - ubstitut%g onpound
under neat “EBNGITI oS ESSF IS e BT 2 hetCalP S &G5SHRA lsc%t?ggound with
an excess ohomreutgtalcllivgaricht dypreduee paith: faststmathdds,e;wrgviapor at i ng any
excess utral, .ligand, fromgthe first m xture to praoduyce .a_second m xture;
and di gffei I Isi%ﬁ&lt %&osfjéjé:c}ﬁ’(? it GFE & rp&ﬂf{’:‘é:tt He* é&gg’oﬁﬁel%ased conmpound.
IThe mdat al Cgi’sbﬁ.@yb irﬁaaﬁ; rﬂﬁahﬁﬁiﬁlmmsﬁ/rstefﬁﬁl]jsurﬁl%@’ hoe rcOTR @ebca% neut r al

i gand may he 2Q asphi nes, pho ites, am nes, arsines, stibenes,
et hers, sulﬂ?dé&ﬂ% Hé%q%gﬁﬁkfﬂﬁ Ylss PROSGRSr i9'8Se fa¥iSdcar bonyl s

| i near, bragohednedrtcyald ngueraeal kenes, |inear, branched, or cyclic

di enes, linear, branched, or cyclic trienes, bicyclic al kenes, bicyclic

di enes, 25 bicyclic trienes, tricyclic al kenes, tricyclic dienes,
tricyclic trienes, and al kynes. This invention is also directed to a nethod
for synjhesizing a carbonykzhased gempeund,haytng,the formula LXMCOYy,

wherein L=a neutral |igand,—x=1-4,

This invention is directed to a method for
synthesizing a carbonyl-substituted compound under neat
conditions comprising refluxing a metal carbonyl
compound with an excess of neutral ligand to produce a

15 first mixture; evaporating any excess neutral ligand
from the first mixture to produce a second mixture; and
distilling the second mixture to produce the carbonyl
based compound. The metal carbonyl is a ruthenium or
osmium carbonyl complex. The neutral ligand may be

20 phosphines, phosphites, amines, arsines, stibenes,
ethers, sulfides, alkylidenes, nitrites, isonitriles,
thiocarbonyls, linear, branched, or cyclic monoalkenes,
linear, branched, or cyclic dienes, linear, branched,
or cyclic trienes, bicyclic alkenes, bicyclic dienes,

25 bicyclic trienes, tricyclic alkenes, tricyclic dienes,

tricyclic trienes, and alkynes.

This invention is also directed to a method for
synthesizing a carbonyl-based compound having the
formula LyM(CO)y, wherein L=a neutral ligand, x=1-4,

30 M=Ru or Os and y=1-5, under neat conditions comprising
refluxing a metal carbonyl compound with the formula

Mn(CO) ., where M=Ru or Os, n=3, z=12, with an excess of



30 MFRu or Gs and y=1-5, under neat conditions conprising refluxing a
nmetal carbonyl conpound with the fornula W (CO(err), where M=Ru or GCs,
n=3, z=12yowswkrian excess of WD 03/027127 PCT/ US02/ 14301 PE&T/useri43al |i gand
to produce a first m xture; evaporating any excess neutral ligand fromthe
first mxture to produce a second m-xture; and distillation of the second
m xture to produce the carbonyl based conpound. 5 The carbonyl is based on

the formula L(err COvy, er ei L is_a neutral gand, x=1, M:Ru or GOs
b yo3  ThRSERGAnTE GRSt 66 ClEe fod 160 s JHeHESE Ay R oTek oy | -based
conpound undak Bedkseondtirans 1igemplr ifsiorg thef uxistg ma <kl tear bonyl
conpound with %n 10 excess of neutral |ligand to_produce a first m xture and

distilling Bh§IELESs SREGRFaMIpEYERd PRGCERE tiladdonniodt e to produce a

second WlXtHé@on@”ﬁ1@h@&é'Ebn%rb@@cesQ%%n@a%%éh%ﬁebb%e@fQQM@%uB@?
car bonyl - based conpound. Furthernore, this invention provides a nmethod for

15 synt Hesi 2PRgCaLPOPNeniLEmMPESREI OF (ifie fOfdd ac nldi EP bns Whesfadixi ng a

met al carbonyhscgna@ﬁ%@amﬁuhgbhg foraul g=rM o 69 G8Er )=awhere M=Ru, n=3,
z=12, with an excess of neutral |igand to produce a first m xture;

evaporatlng any Teigedavratieral 15 gase Phemctie ftior stynivhesdrEé ndo a20 produce

a second ”‘éé!b%nyﬁﬂ%agb%tbbhb@ﬂnbh%n%%%oﬂ@at”héh %lbasproduce the
car bonyl - based conpound. Here, the ruth enlun1base& conpl ex conprises the

formul a wap@pyy81wne¢@iﬁu§iengrmﬁE@l NeRbpoand ¢eBPOThids villiperti on i s
al so diygect gd-Lasa o%EhE%@rBQr1%§a§H“EBe§&%bB%ea% 9%%%% %%BE%Xa% er neat

conditions to reflux a netal carbonyl Conpound wt rmul a , (CO Z,
where MeGs, dhs8iliing, apvt RXgRsSexessref ln@aﬂdaﬁrbmgah@ tfa rpioduce a first

mxture; vapoLaLilli, produce a second mixture; and distilling the
second mixture to produce the carbonyl-~based compound.
Furthermore, this invention provides a method for
15 synthesizing a ruthenium complex under neat conditions
refluxing a metal carbonyl compound with the formula
Mp (CO) ., where M=Ru, n=3, z=12, with an excess of
neutral ligand to produce a first mixture; evaporating
any excess neutral ligand from the first mixture to
20 produce a second mixture; and distilling the second
mixture to produce the carbonyl-based compound. Here,
the ruthenium based complex comprises the formula
LxM(CO)y, wherein L=CgHg, x=1, M=Ru and y=3.
This invention is also directed to a method for
25 synthesizing an osmium complex under neat conditions to
reflux a metal carbonyl compound with the formula
Mnp(CO),, where M=0s, n=3, z=12, with an excess of
neutral ligand to produce a first mixture; vaporating
any excess neutral ligand from the first mixture to
30 produce a second mixture; distilling the second mixture
to produce the carbonyl based compound. The carbonyl
based compound can be described by the formula

M(CO)y, wherein L=CgHg, x=1, M=0Os and y=3.



any excess neutral ligand fromthe first m xture to 30 produce a second

m xture; distilling the second m xture to produce the carbonyl based
conmpound.wohg/oeaebonyl based conpound can be descri bed bycCrhsot/onnul a
LXM COvy, wherein L=C6H3, x=1, M=Cs and y=3. WD 03/027127 PCT/ US02/ 14301 6
As used herein, the nethod for synthesié -takes the steps of several steps.
The word reacting is used, but this term for purposes of this invention,
is interchangable with related terns ch m Xi ng, 5 conhi ning,
stirring, refluxitigtSehiiSTg et & Weﬁ‘@éjct iYn S Itf‘]‘ieaaxég‘epl ace,
but a chenm ecakpsr edCtdetedag Retegy.eclmidediorthe dRIMVHNG 5 tRRS Cahtbe

descri bed ag,eva orating, distilling, precipitating, filtering,
separating, "Bf-€. ‘fo et SETBESES pthi Shict A HWEPréFer féd Enbodi ment - The
present inventieernReieMicaklitn educesd e rmeoldimm ofs mteral the reaction
appar at us must _hold to produce sim/lar anmounts of product, mnimzing the
size of°thEFRARLTGh &ddratds. "6& g ia%i Maahingg@kent, M5 the absence

of solvent aksethieduerwddia aner @uddhabldast he addedfifihe systemto
bring the m xture to reflux. In addition, after the reaction has been

conpl et ed, FRECEXCEsS S NPAn@TESA I Ior & heasiampvirse sersd/aeecys ed for
reuse in thiygspra¢RSS ANECauPR ik 12Q, can e 1dissld | Led digiectlsy, f rom the
reaction products in high purity, and with a high recévery yiéld. To
produce conpétiasiam t FEPGERELaIN t Wi -LM (CO) y [L= a neutral |igand, M:=Ru
or Cs, ¥5l-4, aﬂgtﬁfiéélD@sé@iﬁ%&@h[M@efﬁaukfeEQrQédC§$bo§f&é§t b:5'1§’ IS

reacted 25 directiy Wt L under neat conditTons (tn the absence of
sol vent systen). TRisSsPrgsenér abivpntiloa pedcnitdrlily reduces the

volume of material the reaction apparatus must hold to

produce similar amounts of product, minimizing the size
of the reaction apparatus. Using a similar argument,
15 the absence of solvent also reduces the energy that
must be added to the system to bring the mixture to
reflux. In addition, after the reaction has been
completed, the excess ligand can be more easily
recovered/recycled for reuse in this process because it
20 can be distilled directly from the reaction products in

high purity, and with a high recovery yield.

To produce compounds of the general type LM(CO),

[L= a neutral ligand, M=Ru or Os, x=1-4, and y=1-5],

Ma (CO)yp [where M = Ru or Os], a=1-3, b=5-12, is reacted
25 directly with L under neat conditions (in the absence

of a solvent system). Most preferably, the reaction is

accelerated by providing a large excess of the ligand

L, heating the reaction mixture (ideally to reflux,

although other temperatures are allowed and may be

30 desired), and agitating the reaction mixture.

Example 1



accelerated by providing a | arge excess of the ligand L, heating the
reaction mxture (ideally to reflux, although other tenperatures are

al | oned awo ogmg7ibe 30 desired), and agitating the reacti oRCHUSHRI4301
Exanmple 1 WO 03/027127 PCT/ US02/14301 - 7 A preferred enbodi ment of this
invention is described herein. Ru3(GO72 (2.0 g, 3.13 nmwl) was
transferred into an dry 25 nL. round bottom fl ask equi pped with a water- 5
cool ed condenser _and tefl on coated magnetic stirbar. 1, 3-cycl ohexadi ene (5
m., 52.5 m\bl, 35PKSEEEES od iG-S SHGER Fite mixture was
heated to @efslcwd Pad meStlifr.i ng under a dry nitrogen atnosphere for 5
hours, resulting_in a clear. yellow saolutiagon. 10 Heating was stopped and the

m xture was al | owed (t8) eodl - % & r corm3t @RfseratiFe. 4R I&FapetEt i on was

enpl oyed teanr eV e sextessohnd GHtohexadiane qMapadMyidirstd hiatd.on at 0.1
torr, yielded 1, 3-cycl ohexadiene rutheniumtricarbonyl, (C6H8) Ru (CO 3,
(2.1 g, 7. 9296 cradgasey end) teaf lempacatpd mswnetde ¢Limmad -compound was

charact eri zad 3oy MSip@ EeiMRe I VR 583G I}»!M%l,ggﬁx andtdsSh- M et al

content). The resulting anaLytlcaI'data'(lH & 1 NVR) are consi stent
with the |iBeC&UPE VS @eS YN dchi s ThenpuidirFivgs heatzs! Zoand 3 shows the

GC- M5, 1H NWMRrand EEHR @%ti%rin@e%&%%goléeloﬁ‘y @ﬁ%g%rgaéﬂegﬁﬁéréxa”pl ein

whi ch triosm um dodecacar bonyl 2 and 1, 3-cycl ohexadi ene i s expected

to produce 2% P hugpel skexddilente ipsm whean gmldenyIsoludake). Gs (CO 3.
Thi s reﬂ§tiﬁ%a&%n@e%%%r@%@pﬁ%@@%wkp%%g(Hﬂxﬂﬂygﬁﬁéémgilowed to cool
to room temperature. Rotary evaporation was employed
to remove excess 1,3-cyclohexadiene. Vacuum
distillation at 0.1 torr, yielded 1,3-cyclohexadiene
ruthenium tricarbonyl, (CeHg)Ru(CO)s3, (2.1 g, 7.92 mMol,

15 84% yield) as a pale yellow liquid.

This compound was characterized by using GC-MS, H
NMR, C NMR, FTIR, and ICP-MS (metal content). The
resulting analytical data (1H & B¢ NMR) are consistent
with the literature values for this compound. Figs. 1,
20 2 and 3 shows the GC-MS, 'H NMR and FTIR data,

respectively.

Example 2

Another example in which triosmium dodecacarbonyl,

0s3C0;12 and 1,3-cyclohexadiene is expected to produce
25 1,3-cyclohexadiene osmium tricarbonyl, (CgHg)Os(CO)s;.

This reaction is performed under identical conditions

as in Example 1 above. 2g of 0s3C0i;; (2.2 mMol) is

placed into a flask. Then approximately 5 mL. of 1,3~

cyclohexadiene (52.5 mMol >5X excess) is added, and
30 the mixture is brought to reflux for several hours.

The reaction with osmium in place of ruthenium occurs

in similar yield, physical properties, and reactivity.



as in Exanple 1 above. 2g of Os3CO1l2 (2.2 mwl) is placed into a flask.
Then approximately 5 m.. of 1,3- cyclohexadiene (52.5 mwbl >5X excess) is
added, ama030Q/02he7 m xture is brought to reflux for severalpChaisoyi1430The
reaction with osmumin place of rutheniumoccurs in simlar yield,

physi cal properties, and reactivity. W3 03/ 027127 PCT/US02/ 14301 - 8 This
falls under the generally accept ed periodic behavior of the elenents. The

nost prefer £35S, st e for_ pr ion thenl and osm um
conpounds i1 E?(‘)Jri nlfm%r%psfs ég% %V%CC@(% I%e%l 96 g (0.136
nol es) Ru3(®kﬂa2v:\ms @f aded ¢ nshedec @, 3- neck RB flask equi pped with a

Tefl on coated na etic stir-bar, condenser, and cock. 220 nL (185 g,
2.31 10 nol es) %ﬁ%@dﬁlerﬁér% ¥ RIS TR N2 and

subsequentl)bﬁaﬁithmdiexm Nhd aFsrthign d&mm jg{ tHYes ProeSttH & ilhe m xture
was heatgd to CP]glvée reflux and stirred for 44 hours, at which point it

was a turbi &% ‘6tange mixture. 15 Atnospheric pressure of this mixture
yi el ded 120 nmL.. of unreacted C6H8 at 80C. Vacuumdistillation of the

remai ni ng miBkamelgat P=0.1 torr) vyielded 103.32 grans of (C6H8) Ru (CO 3
(0.39 noles, 95%yield) at (>99.8% by GCC NB) 20 The excess ligand is
renoved by di sti Iay7a{2%r9 (thel 34 afdis@d RedCO) on Wi xtikacadisinside a

rotary- evapors a&ee&aé @loask-r%c{)u %&%ﬁh Vﬁ"fé‘ff&@é’oe%éé‘%ae&&?eeés 1, 3- CoH8

due to its | ower atlvev essure to renpve the non-"reactive
sol vent and Et’tlﬂer—é@@lesscqrim ,Flama:ll%s tdeciR5 raB¥uInh ngliefduxadT eacti on

m xture;hn W%Hfé&}'B%*c%%@”ﬂas added. The apparatus was flushed

with Ny and subsequently kept under N, for the
remainder of the procedure. The mixture was heated to
gentle reflux and stirred for 44 hours, at which point
it was a turbid yellow/orange mixture.

15 Atmospheric pressure of this mixture yielded 120 mL. of
unreacted CgHg at 80C. Vacuum distillation of the
remaining mixture (at P=0.1 torr) yielded 103.32 grams
of (CeHs)RU(CO)3 (0.39 moles, 95% yield) at (>99.8% by
GC-MS) .

20 The excess ligand is removed by distillation. The

refluxed reaction mixture was rotary-evaporated at =10

Torr and 60° C, which removes the excess 1,3-CgHg due to

its lower relative vapor pressure to remove the non-

reactive solvent and the excess ligand. Finally, the
25 resulting refluxed reaction mixture in which the ligand

was removed is distilled at =107 Torr, yielding

CeHgRu (CO)3 at a head temperature of 40°C.

This invention may be practiced using other
carbonyl compounds. Although M3(CO);», [M=Ru or Os] are
30 know to be the most thermodynamically stable compound

consisting entirely of the metal and carbonyl (CO)



was renoved is distilled at (err)10(err) Torr, yielding C6H8Ru (CO 3 at a
head tenperature of 40C. This invention may be practiced using other

car bonyl wormpoends. Al t hough M3(CO 12 [ MFRu or GCs] are 3@cChnmae/i4obe the
nost thernodynam cally stable conmpound consisting entirely of the netal
and carbonyl (CO WD 03/027127 PCT/USO2 14301 - 9 groups, other netal
car bonyl conpounds could be enployed. A nunber of other |igands of

potential use are pqssible other than cyclic dienes. These include any 5
neutral or rEUHIRE" P dtndtd Ry |9aHa Y F GRS, T iRae cyclic or

branchi ng aldgiieszedli enes, trienes, etc., sulfides, ethers, am nes,
phosphines, and nitriles may be successfully enpl oyed. These general

classes of conpoundsiiig! we dprlogeiyaddddd R ealdhelr 19sdalggen or ot her

organi c substitutents. Relative to the reactant stiochionetry, the
proportion @%FFHdhFeridenoivtulel et dirnes gadd e ieludaraing net al

car bonyl sef fiealis d1h&,f ali1afa1 ReACd N1 e Slpi | i dhe sret al
carbonyl, 15 internedi ates aand reacti onlngodlﬁ%lt s in tcﬁreq%}lS glgtﬁld,' and
avai | abi | i t yligfeathe q¥qddd Q% Freething erlikaildsyy, dianagetienss, and

Kineticall vieal), ehhadaddie Jaagld ool Aboliel the Thend erperature of
reaction affects the reaction 20 rate. I'n dgeneral, an increase in

t enper at ur e Nidadsl 4o magh Hehuessss $ fnrlaacriom veat e, Yearer addnerfal | owi ng
Arrhenius b VA %q‘f# | tshe of I 1ga | S.expected
%laaéoﬁ iélﬂlqty fgdt e lhngﬁla‘ﬁggg{r@%;g gt aér]t Oy e

to effect- the s : Ing material's or
i nt er medPat éw liqge2b arhe thear tdugp i X tawes t it ttenitss i nventi on, the

Relative to the reactant stiochiometry, the
proportion (in number of molecules) of the ligand to
the starting metal carbonyl effects the rate of
reaction. The solubility of the metal carbonyl,

15 intermediates and reaction products in the ligand, and
availability of the ligand to react (sterically,
energetically, and kinetically) all effect the reaction
rate and yield.

The temperature of reaction affects the reaction

20 rate. In general, an increase in temperature leads to
an increase in reaction rate, generally following
Arrhenius behavior. In addition the temperature of the
ligand is expected to effect the solubility of the
metal carbonyl starting materials or intermediates in

25 the reaction mixture. In this invention, the
temperature is kept moderated so as not to cause
thermal decomposition of the starting materials,
intermediates, or final products in a way deleterious
to the desired reaction.

30 Sufficient mixing of the reactants increases the
reaction rate and decreases the time of reaction.
Agitation may be performed by any physical means

(stirring, shaking, sonication etc.).



tenperature is kept noderated so as not to cause thernmal deconposition of
the starting materials, internediates, or final products in a way

del et eri owe Bo211be desired reaction. 30 Sufficient m xi ngPef/tushzi43enct ant s
increases the reaction rate and decreases the tine of reaction. Agitation
may be perfornmed by any physical nears10(stirring, shaking, sonication
etc.). WD 03/027127 PCT/ US02/ 14301 - 10 The reaction pressure influences

the rate of reacg |on and y| el d of%&r uc The pressure of reaction wll
effect the partial™ Jrﬂjﬁt RG0S (temmrat el es) of the

reactants. E@aﬂc&rﬂdﬂg atriaﬁ ﬁdlrd?wcf%dcﬁmﬁ atune frddsysdemis to
optimze reaction tine, yield an urity. Thus, all of these variables

woul d be expéctdd o Wlﬁév@ﬁfrﬁqméﬁ% RAF 47 (95RS TWifA r P Pebrt®t e t he
reaction, preduels Yitehthe ANIOdUst O iddbctthhi s Ta(hvf&}i&j‘ Ry use

starting materials such as any rutheniumor osm um carbonyl Tonpl ex,

preferabPy AVECCOMS/ WRFRISE a213 Hnd-=5vEkemarid mtom:vﬂém:e?r%m y  MB(CO) 12

The ligand rpy e ANy iReUt ryaﬂelccpogrgi natding, | igand, 15 and any m xture
possi bl e thereof, preferab monoal Kenes,” di enes, trienes (linear,

branched or cycIThcl)S @Hds;ﬂﬁ ﬁ@?s(@a@rlaéiﬂﬁ’ieévqlﬂéﬁ\l)be eﬁm%te(dﬁz; _
sul fides (SRg)ye ﬂatiqu%n@eo% GRnerald yrec{iﬁ e%gst of err&f%*g? y contain

hydr ogen, fluorine or 0 any organic group the ligand is
a pure, |i né&aCtﬁp@nCM@d@?CtC)b@IQj(ﬁrdlm Hreedyctl Biridyed ohexadi ene). The

StOiChi9@Etr'C r%%h% QRdéﬂ¥Tg%tﬂ£§nﬂ§g §F§&€¥ig materials such as

any ruthenium or osmium carbonyl complex, preferably

Mz (CO)p, where a=1-3 and b=5-12, and most preferably

M3 (CO)12.

The ligand may be any neutral coordinating ligand,

15 and any mixture possible thereof, preferably

monoalkenes, dienes, trienes (linear, branched or

cyclic), phosphines (R3P), amines (R3N),

ethers (ORz), sulfides (SRz). The R group, generally

hydrocarbon group, may contain hydrogen, fluorine or
20 any organic group. Most preferably, the ligand is a

- pure, linear, branched or cyclic diene (e.g. 1,3-

cyclohexadiene) .

The stoichiometric ratio of ligand to metal may be
any amount, preferably any excess of ligand to metal

25 carbonyl, and most preferably a substantial excess of
ligand to metal carbonyl.

The reaction temperature may be any temperature
above the freezing point of the solvent to any
temperature below the decomposition temperature of the

30 starting material, ligands, reactive intermediates, or
products, preferably any temperature above ambient, and
most preferably at atmospheric boiling temperature of L

(provided that at this temperature there is minimal



any anount, preferably any excess of ligand to netal 25 carbonyl, and nost
preferably a substantial excess of I|igand to netal carbonyl. The reaction
t enper at LWe oamg71E any tenperature above the freezi ng poipatr/usb2/143e1 sol vent
to any tenperature below the deconposition tenperature of the 30 starting
material, |ligands, reactive internedraflés;- or products, preferably any
t enperature above anbient, and nost preferably at atnospheric boiling

tenmperature of L (provided that at_this tenperature there is mninml W
03/ 027127 PEHRISEY PQSYYLOR 1oy fg}e Eﬁiﬂd&?t%%e%*a}he starting
nmaterial, lligandss, neacidime i 1Mesrmdialess, Or psosliedisd) . The reaction

pressure may be sub-atnospheric to high pressure. Preferably, the pressure
of the 5 reacti o 3% ZRe Ut DEFOWER MFSHIRS | TTEleRet e EHd tQail ored to

al l ow refl uioh thedaadd. oo ad g @t tHiesireskyeact# omd enperature, and
nost preferably at atnospheric pressure. The reaction may take place at

any at noSphéis@CtiPPriet RS, 0% HEe YRR TRAPRRKEEC PERESVHE + MPr esence of

an at mopher & GaRrLRIINY Xenan. rHeal el -Lakbol, fonaxide,and carbon
di oxi de. More preferably, the reaction takes place in the presence of an

inert gas slfsHras aiqpoiiom Mienryyetuns Spetinest frisgipesbf athe i nvention
are shown in ¢ QNeHUT RS- (he drawi ngs for convenience only, as each
feature nay be conbined wth other features in accordance with the ‘
invention. AlterddS veeastibiodt maif statig Ipleece edogrizedkiysplvse skilled in

the art1and flg e 2Rt aifled df0f:l NElided 1 a0 1 thes Seansle tie cf ai ms.

WD 03/ 027127 PCT/ US02/'14301
an atmophere containing xenon, neon, helium, carbon

monoxide and carbon dioxide. More preferably, the
reaction takes place in the presence of an inert gas
such as argon or nitrogen.

15 Specific features of the invention are shown in
one or more of the drawings for convenience only, as
each feature may be combined with other features in
accordance with the invention. Alternative embodiments
will be recognized by those skilled in the art and are

20 intended to be included within the scope of the claims.



- 12 What is clainmed is: 1. A nmethod for synthesizing a carbonyl -based
conpound having the fornula L(err)MCOvy, wherein L=a 5 neutral |igand,
x=1-4, MR0 031027187 and y=1-5, under neat conditions conpr PETAHOA1430EACt i NQ
a netal carbonyl conmpound with the forrmula Ma(CO b, where M=Ru or GCs,
a=1-3, b=5-12, wth an excess of newtdadl -ligand to produce a first 10
m xture; b. renoving any excess neutral ligand from said first mxture to
produce a s oqg nixt%re' i..djstilling said second m xture to produce
sai d carbon@ﬁwbaéﬁﬁ CoMIStAdtS15 2. The nmethod of claim 1 wherein said
carbonyl based conpound conprises the formula LXM COvYy, wherein L=C6HS,
x=1, M=Ru and y=3. 20 3. Rﬂgﬁgg{hod of claim1 wherein said carbonyl based
conpound conpri ses t he® {7 M R SHAF Birh 2 LTBrRNY X=R2S¥Cs” and y=3.
4. The met hatbrgfouel dinai vhegied nes@indl Heybr@lo) ,25vhiegtand saa |igand
selected fromthe group consisting _ of phosphines, phosphites, am nes,
ar si nes, st ilsetedt Je]tgF!‘)ﬂﬂ%', 14 deER%I Wy 1 e, YRl 19 t'e’der dmatiril es,
t hi ocar bonylsnditess dsmhehethgor cyclic nonoal kenes, |inear, branched,
or cyclic dienes, linear, branched, 30 or cyclic trienes, bicyclic alkenes,
bi cyclic dienes, bicytlic ¥83€ndyd a malikl i Edaenksconpeeye| it enes,
tricyclic trignes, rand qual«me;%-, YeL 03/ 02124 - P6T/ US020 343015 1,13 5. A
en

met hod for synthesizing a rut i um conpl ex
with an excess of neutral ligand to produce a first

100 mixture;
b. removing any excess neutral ligand from
said first mixture to produce a second mixture;
c. distilling said second mixture to

produce said carbonyl based compound.

15
2. The method of claim 1 wherein said carbonyl
based compound comprises the formula LiM(CO)y, wherein
L=C¢Hg, x=1, M=Ru and y=3.
20 3. The method of claim 1 wherein said carbonyl

based compound comprises the formula LyM(CO),, wherein

L=C¢Hg, x=1, M=0s and y=3.

4. The method of claim 1 wherein said neutral
25 ligand is a ligand selected from the group consisting
of phosphines, phosphites, amines, arsines, stibenes,
ethers, sulfides, alkylidenes, nitrites, isonitriles,
thiocarbonyls, linear, branched, or cyclic monoalkenes,
linear, branched, or cyclic dienes, linear, branched,
30 or cyclic trienes, bicyclic alkenes, bicyclic dienes,
bicyclic trienes, tricyclic alkenes, tricyclic dienes,

tricyclic trienes, and alkynes.



under neat conditions a. reacting a netal carbonyl conpound with the
formula MW(CO)(err), where McRu, n=3, z=12, with an 5 excess of neutral

| i gand t owprosgeme7 a first mxture; b. renoving any exces®Cmasoe/ad3ol i gand
from said first mxture to produce a second m xture; c. distilling said
second m xture to produce said carboenyB-based conpound. 10 6. The net hod
of claimb5 wherein sai d rut henium based conpound conprises the formul a

L,,MCOvy, wherein L=C6 M= nd y=3. 15 7. A nethod far

synt hesi zi ng an osm ur‘ﬁ %%%%ﬁgp%l@&%l%%%lqr%é&m%% met al
car bonyl conmpewnrd nddth cdrhe fiamaul a M, (CO) Z, where MFRu, n=3, z=12, with
an excess of neutral ligand to produce a first mxture; 20 b. renoving any

excess neutral |igand¥romTSEHdT PsfShadt FERWPr sRiROERS stidHd ni xt ur e

c. distillinpesaddnacong (@oxturgnd e peRdUCesai d-car bpayl, based conpound.
25 8. The nethod of claim?7 \/\herel n said osm um based conpound conpri ses

the for il a SERRECOQE, REratn Ligsoshge prpdugens dridsfegnixture;

b. removing any excess neutral ligand from
said first mixture to produce a second mixture;
C. distilling said second mixture to
produce said carbonyl-based compound.
10
6. The method of claim 5 wherein said ruthenium
based compound comprises the formula LyM(CO)y, wherein

IL=CgHg, x=1, M=Ru and y=3.

15 7. A method for synthesizing an osmium complex
under neat conditions
a. reacting a metal carbonyl compound with
the formula M,(CO)., where M=Ru, n=3, z=12, with an
excess of neutral ligand to produce a first mixture:;
20 b. removing any excess neutral ligand from
said first mixture to produce a second mixture;
C. distilling said second mixture to

produce said carbonyl based compound.

25 8. The method of claim 7 wherein said osmium
based compound comprises the formula LiM(CO),, wherein

L=C¢Hg, x=1, M=0s and y=3.



