; dee3e" X" Ul . n6T; B WO 00l 61528 PCT/ US00/ 09454 -1 ELECTROCHEM CAL PROCESS FOR
OLEFI'N RECOVERY USI NG TRANSI TI ON METAL DI THI OLENE COVPLEXES FI ELD OF THE

| NVENTI ON Bca Blgsent invention relates to a process for the selective
recovery of "Ql&fihs from mufti-conponent ol efin streanms BY!/US00/09454

el ectrochem cal ly driven ol efin conpl exati on/di ssoci ati on. *coooo~*
BACKGROUND OF THE | NVENTI ON Separation of olefins is an inportant process

in the chenical apHEPTRECHEMICAL PROCESY FORIOLEFIN RECOWERSpar ation is
usual I'y done by cryQ8gpTR AUSITIONSIFIN L BTTENOT ENEICONBEARRISOOY | S ener gy

and capital intenstve considering € large volune of olefins produced
every year. As a result, alternative technol ogi es have been actively
sought . Sepﬁmmﬂ@t enpl oy separating agents are attractive
alternatives: i i onpl exation in solution using nmetal ions
such as Cu+ and Ag+ has been reported. However, these reactions are
sensitive to common rg&né ] ; i.de, and
hydr ogen sul fide, and t Iggeggggffg??’gﬁaasﬁteﬁ&é?d&giﬂgf?ﬁ%&ﬁ?gﬁgﬁr&%t&e- or
pr essur e- swiofiglefins fiine andti-ocbmpoment Stafin dtieamsdty electroehemically dsiven be r enoval
and concentratd on of certaj.n materials, e.g., contam nants, using

el ect r ochenioEin §PMR)exA SSOEMBARs. Separation of ethyl ene using

el ectrocheni cal schenes based on sinple netal ions in aqmmmmmmm)n has
been reported. For exanple, a Cu(l)/Cu(ll) chloride syst

reported (RICHE J. 1997. 43 1709-1716)_that can reversibly fowe+et hyl ene
when nmodul aBACKGROUNRQE A HE | ONthe WD 00/61528 -1

PCT/ US00109454 binding affinity of Cu(l) to ethylene was small due to
conpetitive conplexation with chloride anion. In a subsequent report

(Inorg. Chem, 1997, Sepajatiop@! plefins isappraportany pracess indhoekamigalaand| f onat e

(CuOrf) was r. akl ¥ caardi | nj Qrf, allows.Cu(l)

sol ution topﬁﬁ§e e@ﬁ@ﬁc‘ﬁ%‘ﬁ#& Yy a 558?1%’ @? ﬁg#%%émgrugggng%anyﬁgg%$ certain
separ ati on sksitiaten bHsa@ver) ittt REhicI6HE 5 enetdyyarinsipitaltifttnsioBRbAYMAérE On have
appeared in the literature CChem Eng Sci., 1991, 46, 1017-1026; Chem Eng.
Sci., 1992, imgthelagge volumg of alpkingpradyesdevienyyeas: Astafgsultygltemaive ocheni cal Iy
nodul ated c j ess. e advant ages over nornal sol vent
extracti ons?g@égﬁﬁlé&%gggégﬁ%@we@cr}ggﬁtéxi ng agents can be devel oped.
However, an el ectrochemcally driven schene for olefin separation using
transition netal conplexes) especially t@!rpfnsi tion netal dithiolene

conpl exes, has not atiop deqhaiduenthat eRployoeRaItag PESALS ATe\AlIFAGHVEcess  has
advant ages ,&g&a 1P Cll L% . : it ter
control gof §1e |ﬁ§%§‘|€)n Iﬁéﬁl@ﬁg%%%ﬁ%%@#%%ﬁ%%@? %éeﬁ?‘gdg%tcpgﬁ and

partial pregudtsidoAgt s Beealrbportedl Gae0eves afiedtaretdtivhs ate RHsilive &Peci fying the
position and electric potential of the electrodes. Thus, it is highly
desirabl e t somenasl eqmtaminants such aasetiltrice carbanlimepozigenan iysirogese i n

None of -t e PREY BHEDE “Peefafon fenr SR Site Sttty B pERiEskho' "

release olefin.

Some literature reports describe removal and concentration of
certain materials, e.g., contaminants, using electrochemically modulated
schemes. Separation of ethylene using electrochemical schemes based on simple
metal ions in aqueous solution has been reported. For example, a Cu(I)/Cu(Il)
chloride system has been reported (AICHE J. 1997, 43, 1709-1716) that can

reversibly bind ethylene when modulated electrochemically. However, the
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conpl exes teaches or Suggests that the dithiol ene conpl exes can react with
sinple olefins (e.g., C2to C6 olefins) reversibly under anbi ent '

condi ti onsg t such a process reversible binding of | an be
controll e?iwgﬁg/g%?%chem cally. What is desired is an el ecf’gj(r)@%deo@iﬁ"égl process

by which sinple olefins reversibly bind to a conpound or conpl exi ng agent
using a transition nmetal dithiolene i s %Selective to such sinple olefins in

mul t i conpongRidiry milily of ml?% Ehpie Rad/shiall Gue g edmpatiie &afiflefdton

desirably is also tolerant to contam nants and poisons typically present in
ol ef i n- cont wiithichlprigieransams . InAcibséquant tepyrt i(norg (Thenbe 195 Bpakite14Q), have a

P Er SRR PRSP R LR b ) S5
0 be r ecovEetalifly b0 RIGHTRMAS  QURBRER Mo KR ogbeBCS 115 BB
scherme of t bhylnec Pravebeanatygks furaersim. separgtion séheniesdasadodr ¢ voi t ammogr am of

(BugN) Ni [ S2C2(CN).Z2J2 (2 nmM in 2Cl 2, scan rate = 1Q0 nV/s) show ng two
reversi bl e el§eEechsmics 'gun@d@atieggame pfien Daye 2PRAYS: aPnﬂzﬁ{lterawe

B Ni [ S2 : [ Sl '
of 1~ hexene T FRYE SEoy i o it U Ko Sci 027 At IR, P e ot e
t o a nmet hodThe anslysstindicite tiat ah lelecregmnatalhgmadalated coagdesation pradees i ns,

particularly sjnple olefins (C2- ol efins), .froma stream.containing the
ol efin and 5 %’&?@%‘H@gﬁtﬂéénwé@éﬁ:% tions, 8¢ &“SI“? SBI3E ng t he oiefin

with a trangjhbRRin¥eigehtsdht BE QbrilSped0 MibWever, iifel BEtRtRBhidally ARiveRN MaY
conprise, consist Or consist essentially of the elenments of steps disclosed
herein and sehemedosolefin sppasation wsing ansieeh metal kemplexes, especially

transition metal dithiolene complexes, has not been reported.

An electrochemically driven process has advantages such as possible
reduction in volume of the unit and better control of olefin binding and release
rates. Moreover, the location and partial pressure of the olefin released can be

controlled by specifying the position and electric potential of the electrodes.

Thus, it is highly desirable to develop improved reversible binding
agents for use in processes for separating olefins from complex mixtures

containing them.

None of the references regarding transition metal dithiolene
complexes teaches or suggests that the dithiolene complexes can react with

simple olefins (e.g., C> to Cg olefins) reversibly under ambient conditions; or

that such a process reversible binding of olefins can be controlled electro-
chemically. What is desired is an electrochemical process by which simple
olefins reversibly bind to a compound or complexing agent using a transition

metal dithiolene is selective to such simple olefins in multicomponent olefin



process discl osed herein. WO 001 61528 -4 DETAI LED DESCRI PTI ON OF THE

| NVENTI ON PCT/ US00109454 The present invention relates to an

el ectrochgpg gadisx driven process for olefin recovery. ql%./ﬁs&ﬁ%}s?mt ry
reveal s that netal dithiolene conplexes can undergo nultiple, réeversible,
one-el ectron redox reactions. Oefin binding may be sensitive to the

el ectronic environnent of the conplexing reagent. Electrochemcally

oxi di zi ng ctrearas and,’dpsirsidy ds albo cdierant woryptaminamty ahd posdns gypivatipi fi cantly
affect its affinjt 6{3‘(&) ol efi.ns and thereby can be used to control the

bi ndi ng ancl’f?*‘r‘@t%”&e‘gll CORRINBGSEFAMS ns. Thus, the present invention
provides a nethod for electrochem cally separating and/or recovering

ol efins fromstreans containing ol efins and ot her inorganic and

hydr ocar bonaceous cAdgitioaally iowoukirtieaddsirable so havecaptozess fiog racoeeriig eam wi t h

b Separ at AECPIGRH Y SDP R OISR GAE: GarFel BOB) SremRS coptagling Wibes, © | ¢
brefer abl y o Ch10h ! L05 R ouledfy BoRERARS hig SSLERINE hunisah ©f ef i ns.
g out by 4 ai ni ng

The process™ 1S cafrie y contacting a streamcon _ e olefins to
be separ at egmjléxing Bgént révaedibRDifds the BRfExorte rea®vtred. hat is a Group VI
nmetal bis(dithiol ene% conpl ex; where the binding and rel ease of the ol efins
are achieved in an el ectrochem cal cell by suitable change in the electric

potential . DEE% ?’fﬁ?ﬂtoﬁ‘f bk%r\wﬁ process for electrochemcally
bi ndi ng an ransition nmetal dithiolene

conplexes in a selective and reversi ble manner; this has not been

acconplished in the_art. Dithiolene is a c |y used nane for
1, 2-enedi t hi ol ate OFISH%&%S‘E‘Pﬁ‘%&&ﬁﬁ@%?é%&CéSPlﬁ‘@ﬁalcﬁrP?ﬁ%l ates. For
simplicity, the termdithiolene is used when possible throughout the text.
WO 001 61528 PCT/ USO0/ 09454 -5 The transition netal dithiolene conplexes are
sel ect ed from conpl Eigase 2 &a exdictveltamyndagnam o (BujNINi{SJCACNY 182C2( RaRb) | 2}
and (I1) Axgl\/[SZ_CG RIRZR3 R4)12} R~S'/ 'l h ~M'S~e lv~1li (1)

(2 mM in CH7Cl,, scan rate = 100 mV/s) showing two reversible couples.

Figure 3 is a cyclic voltammogram of (BugN)Ni[S2C2(CN)32]3
(2 mM in CH,Cl,, scan rate = 100 mV/s) in the presence of 1-hexene (0.1 M).

SUMMARY OF THE INVENTION

The present invention relates to a method for electrochemically
separating and/or recovering olefins, particularly simple olefins (C,-Cg olefins),
from a stream containing the olefin and at least one other hydrocarbon by

reversibly binding the olefin with a transition metal dithiolene complex.

The present invention may comprise, consist or consist essentially of
the elements or steps disclosed herein and includes the products produced by the

process disclosed herein.



R S~R AX~2R4 (B) The structural fornula for the transition netal
di t hi ol ene conplex is shown above in Formula (1) for Ax{M S2C2(RaRb)] 2} and
in Formul a fll) for Ax{M S2C6( R1IRZR3R4) ]2} In formula (I) Mis a
transition 81528 preferably a Group VI11 netal, Ra and RETHEVYE4t he sane
or different, and are i ndependent|y sel ect ed from hydr ogen,

el ectron-w t hdravm ng groups including those that are or contain

het erocycl i GEREXBTD m% %ﬁ\ﬁOFOPH]??NWEWTI@N er, keto, vitro, and

sul fonyl gr yI—groups, 1nctuding al kyl, cyclo al kyl,

al kenyl and aryI groups unsubstituted or fully or partly substitued,
preferably substitut w th el ect.ron-w thdr rou tref erably the
groups are cyano gro’ﬁ'ﬁsprﬁqug}v&nnowl%? @l@?@ﬂ ?%F?‘EE@‘%&]Q AN RS0 Hst i t ut ed
al kyl group t eg,t,sfg %W e@t oms are
fluoro gr ou;forﬂgﬁlt?r%og ra c)ﬁclgﬂaﬂgl abéﬁg &%?Hlte&é]%&h%gs In the art,
anot her type:amhndlérgdnimil&pie rwnqsibéog dnheectran raclcs(rebeiimsed)lcﬁmbmdmg

(substi tued) nzene .dit hj ol to | i gands ent ed the structure in
Formi a (11 R ERse FO A onis vy huies] Ghe oRRIraing SRSt ol
preferably &i{uRidRentichily BRiding Bf redBding e ditidleRé céﬂ@ldxﬁﬁ@pm&éﬁ'@w y

sel ected and g be the sane or differe to R4 are hydrogen,

el ectronwi t antly gffectpits mgeoleﬁeaaa%wéebym begrused ta canwmobtheor ful |y

or partly sybstitu @'ﬁ dr Oca roups including al kyl, cycl oal kyl,
al kenyl and%él?‘{ﬁ‘ ‘g §X°ﬂ§°e‘? é‘EéB‘eg‘“%ith substituents at the carbon atons
t he hydrocarbyl group that are el ectron-w thdrawi ng groups. Preferably, the

group is a halo gro_lp Those skilled in the art woul d recogni ze nore
conpl ex forns in thellust theqreseat mvartion pravidgs 8 snetkgd fos elestrachamically nul as

(1) and (I1) t . Na,
kR cs) e i Tgtoeinh e R eyl il ed i her 0 2
E( RcRdReR-~ \Ah@?me afid h§diocarbegsRoupbatpiiehist coffaitinarts By doactihg themy be
the same or different, and are independently selected from hydrogen, alkyl

and aryl gr otsam withamstal dithialens comples toirgmaye therplefins. gestrsh »rtkﬁ Iim' t ed

to, fluorin . The
st oi chi met r;a/&l%ia})s tgwlsgﬁrﬁagsucl}qdlﬁg%%laﬁ%&h&gsﬁnzﬂglﬂé [ nsgatdi 6generat| on
of the ani onjrefefaBLC %‘—‘Cfél@iﬂnﬂhd%ﬂﬁo&és@'ﬁ: slébtivR 6 dukh DleThi. Mhecarri ed out
as known in‘the art Imet al, Inorg. Synth., 10, 8-26 ( 1967)).

Simlarly, gRocsaisicatied oty coaticting a s@ean esnthining B otefinsabde be carried
out as known in the art. WO 00/ 61 528 PCT/ US00/ Q9454 -?_ _The transition

metals are [eRAraied yith ameextrastingor cqmplemgaseltwbat i Gropp SUmwRl N, Pd and
Pt) most prﬁ%gﬁgmenegl%ﬂﬂg@te ErcthEP gAY 1BRa&VYF el o 20! ONI C T oam

of nmetal bis y a group meta bi s(
1, 2- enedi t hiaghizved in aauiectnfchéxﬁmbbqll wmmbleLMgd.nﬂheBhduid‘pméﬁaé with

el ectron wthdrawmn ups as .specifiegd apove, and preferably the
bi s[ 1, 2- bi s(ﬁv‘aﬂ@y e?qqgméﬂ&enﬂomﬁ Pmcassafgarﬁm%emgo dipg and

release of simple olefins with transition metal dithiolene complexes in a

selective and reversible manner; this has not been accomplished in the art.

Dithiolene is a commonly used name for 1,2-enedithiolate or
benzene-1,2-dithiolate and related dithiolates. For simplicity, the term dithiolene
is used when possible throughout the text.



Unexpectedly, Applicants have di scovered that the transition netal

di t hi ol ene’ conpl exes descri bed herein have the capacity to reversibly bind
ol efins, Ragbociitgar!y sinple olefins, desirably C2-C6 ol gifisponddsef erably
C2-C3 olefins. If higher olefins are also to be separated and/ or recovered,
they subsequently may be separated frqmthe sinple ol efins by known methods
such as distillation. Typically, but not necessarily olefin containing
non-interfering stThamansitien petaidithioferieyabmplexdsame seledted fiony st reans.
However, they al so may contain inorgani c conponents., The process is carried
out by condommplexey represdntdd by therfomnwlan(f) Mﬂ\@aﬂa&a%‘?)ﬂehmwl)h a transition
nmetal dithiol ene conEIex of the formula Ax{M S2C2(RaRb)]2} and M Ra, Rb
are as speA|{MERHCGYRIR2RPRATo} he formul a Ax{M S2C6( RLR2R3R4)] 2} wherein M
R, R, R3, and R4 are as specified above. Al or part of the process may

be carried out in an electrochem cal cell. The streans may be |iquid,
gaseous, or m xed. The sol ven houl d be a g#itabhe solvent to provide

el ectrical conductivity withigp the gel&, e/g.,ya golar organic liquid, an
ionic liquid, or an aqueous s lu&\ig provyf ded tlhat{ it is essentially
noninterfcring with the reéastion he g] efinjand netal dithiolene

conpl ex. For gaseous ol efins, |a sat rabed Fu pornl was used. Concentrations
of liquid olefins are nornally at the nolarlMevel .| Qefin separation is

acconpl i shed by contacting the Stream containing™The olefin to be separated
with the netal dithiolene conplex in an,ekectrochem cal cell at a specific
potential such that the conpl ex WO 00‘22528 PCTI USO0/ 09454 -g_is in the
oxidized (e.g., neutral) formwhich fornms an adduct with the oiefin to be
separated; olefin recovery is acconplished by reducing the adduct at | ower
potential so as to release the[olefin andgpregenerate the reduced form of

t he dithiol ene conpl ex. Depending o ;f f the conpl ex used, the
potential range can be within)|for 2d 2|volts although the
actual potential variation,may|be sng as 0.5 vplt or less. As stated
previ ously, the ol efin-cont&i niing [ eaf may| cont ai n any nunber of

ot her conponents or contam nanfs of {t p R. hydr ocar bonaceous stream
in addition to the sinple olefilns) & g.) @ kanes/2ajomatics, H2, CO H2S,
H20, and al kynes such as acetylefie. ' The process -e+the present invention
is selective and reversible electrocheniiaiby with respect to the ol efins,
and the dithiolene conplexes are able to hst and the presence of other
contam nants, especially at the level usually found in typical refinery or

chem cal streanms (t '&%dcuumex%ﬁ?ﬁlfaarar AR QnsiHOn &A1 ditthidiene edrhplex ng t he
0

oxi dation state of the up Vi metal dithiolene conplexes to achieve

bi ndi ng ands v dRve &8 Bomhula (K for ﬁ%'{MSESj@#R@R@?]mranddxdFonnuleQH)/fured is
timate

acconplished in the redox system y, the ol efin nust be

di ssoci at edy f i¥ the netal dithiolene conplex is to be
recover ed ?ﬂ%ﬁégﬁ?%&};d. In addition to the electric potenti al
switch, other process conditions may be selected or nmanipulated to
facilitate the reversibility of the olefin bi di&gg&zgytg& e k di t hi ol ene
conpl ex, and the subbefgmnla (DeM Batrgisitionemetas Prefc 3 6%@ of the netal
di t hi ol ene. Thu fQr exanpl e, a cha in temper.ature ok yCrease to
rel ease ol é??‘lf;#) f{ac?ﬂgﬁ'be@%ngéﬁ(eéaﬂ‘.c,or@g@?rg%én er‘@%‘?afggé@ e |ler?§efa or sol vent
(e. 9., a POtdth hyoyeRlcldchohAGiuldrh iy drbepd i9RirghosEatue oMDbrasiad i n
conbination wth the "'electric potential switch to achieve reversibility of
ol efi n bi ndietgrocyclivyRyano Ghiitikyldie, Ratioxyo este ke, nitwanndgfonyh be t aken of
the oxidation state of the netal in,the tal dithiolene es with the
use of reddOWRSs ac .&,’l BAAURS: Hﬂ?@%gﬁ}’ﬁ&}'&?@ﬁfﬁ’ ﬁge%%&%e oxi di zed
form of the%r @hn&ib*sﬂhﬁéded?efuﬁyap ﬁﬂy@hﬁﬁﬁuéd,ﬂ?raé@myrsubgﬁtﬁ&armaﬂ

ol efin-nmeta f hi ol 'ene adduct’, ereupon application of a relatively
negati ve poglesttanewithdrewirgrgroups. (Prefezably ghesgroupsare icyno groups orchalti ol ene
conpl ex rel eases the olefin and the regeneration of the starting netal

di t hi ol ene. Depending on the nature of the conplex used, the potenti al
range can be within, for exanple, -2 to 2 volts although the actual
potential variation may be as snmall as 0.5 volt or less. The process may be
represented in a sinplified manner is _specified in Figure 1. The cation A
is omtted fromthe scheme. In Figure 1, Mis a transition netal as defined
in Formula | and Il, Lis a dithiolene |ligand as defined above. The cycle
can start fromeither M.2- or M2.




Desirably, conditions for separation of the olefin fromthe adduct to netal
di t hi ol ene conpl exes should be selected to facilitate recovery of the netal
di t hi ol ene_conpl exes for use in subsequent cycles. Thus in the present

i nventi on 9N ndi ng occurs once the neutral formis P§EABPUIAY by

el ectrochem cal oxidation. Thus, for exanple, [N (S2C2(CN)2)2) binds
olefins inits neutral form However, i%t- does not bind olefins inits

reduced for Qg Lpé, iforBpreétbraBly thie Hafl'SibRHAERTs dnShé E4HB6RT

el ect rochemgigoasrlw;;émg’?(?{eﬁﬁtg ’(;ﬁbrtgﬁe rrl;sat a?{ gi taﬁiqu)q ene cor(r)gl ex ?‘gsol efinis
decreased ap@nisi@e Bubfd Froup. Mdsepr@etabliiTa srtiRbage €P4 6t CN.t he net al

di t hi ol ene conpl ex can then be re-oxidized for use in the subsequent cycle.
Applicants have, using cyclic voltamretry) denonstrated the

el ectrochem cal l y-driven, reversible reactions _of, {Ni (S2C2(CN)2)2] with
ol efins such as 1- hexdhknows Bhihe areancther rp of ditkiolens cemplexthatanay f ast

ol efi n bindj ) . t OX: ;] t em cally
and the ole |gblggl%j(i é/%ﬁE}g?8%5%&]%%%8%/%@A@Et&ﬁ%[@d?@lﬁ%ﬁ%e?)gg{s%ed upon
el ect r ochenstradturedd fotmula (13} aidve. & ErmuladlnM is dl5o otransitionitheedl, O efin

bi nding and rel ease rates are on tp%%i&rrﬁe-scal e of seconds or |ess.

Sui t abl e el preferablyentGooup ¥HI metadrR!, ,and Rfare independsatly selettedar t f or

the el ectrochem cal processes (e.g., Danly.,D. E. . "Energi ng Qoportunities
for El ectrodhdmaybe %é‘ﬁ%%%.lﬂ(ﬁ%giapﬂ&ft@%ﬂfawd&ge&f elef®Of- Design and

Econom cs” M%gg : ?ﬂﬁ{ . t . t he present
I nventi on may e“als?g Pgéﬁg%gefﬁgﬁéégg@wbﬁﬁugﬁﬁg?ys%? aJ‘IPI ol efins
fromnul ti - subspanedhhydrbedrbyl groupsaineludong akyl] ogrlbalkylpalkeddmaadaoyls and

non- hydr ocar bonaceoys cont am pants. EXAVMPLES
y groups, preHerabiy Wit?l su snntuents at the car%on atoms the hydrocarbyl group

that are electron-withdrawing groups. Preferably, the group is a halo group.

Those skilled in the art would recognize more complex forms in

the dithiolene class that also may be used.

In formulas (I) and (IT), A may be any suitable cation, e.g., Group
1A (e.g., Li, Na, K, Rb, Cs), Group IB (e.g., Ag, Cu), suitable ontum ions of the
formula E(RcR3gReRf) wherein E is nitrogen, phosphorous, arsenic and R¢-Rf
may be the same or different, and are independently selected from hydrogen,
alkyl and aryl groups, unsubstituted or substituted (including, but not limited to,
fluorinated) having a chain length equal to or greater than C;. The stoichimetry

can be varied such thatx =0, [, 2.

For instance, generation of the anionic species from suitable start-
ing materials may be carried out as known in the art (e.g., Holm et al, Inorg,
Synth., 10, 8-26 (1967)). Simlarly, generation of the neutral species (x = 0)

may also be carried out as known in the art.



Exanpl e 1 General experinental procedure for electrochem callv-driven

ol efi'n binding: (Bu4N)Ni [ S2C2(CN)2]2 and (Bu4N)2Ni [ S2C2(CN) 2] 2 were
prepared fwbbasiszsy the literature methods (1 norg. Synth. pc¥Rlseocbéss 8- 26,
(1967)). Cyclic voltametry was carried out using a BAS 100A

El ectrochem cal Analyzer. A three-elegcirode cell was used in which a Ptdisk
working electrode, a Pt-wire auxiliary electrode, and a Ag+/ Ag-wire

reference el ectrode Ther Eanstioropetdls arg prafenablyt Be,eq, £ Mfir Péandit, i n cH2d 2

i th Bud4dNPE6 a ort. | lgctral vie. . Jhe.ferrogene/ f i Fcl Fc+

\(I:Moupl euvvas nwggareigrg@yﬁhﬁgmﬁ IBB%&%ﬁ%EﬂbT%E"i ﬁ?’gf ﬁ}gnqompeféﬁ%b n%%!?zg clFen

PCT/ US00/ OQéiinfal ot Aniosi oM of reatal Bis( 1)20reditiilaty ), PréfStab) a %OJPSZ% (CN) 2]2
ng o

in the presence of 1-hexene: In an el ectrochem cal cell

(Bu4N) Ni [ SEes big( bRseneflithiotate)) mpre prferablyraubstituted L2-epedithinlpte) with s

di ssol ved i QO m..af 0.1 M BU4NPEG . .Qn_| V. ed CH2Cl12. The
sol ution mé@“éﬁ%ﬁ’ﬁ%@“a“{mﬁg%“sﬁg&f sli%:ﬂ:g‘il&fg,vga?}ﬂam Tgétoprﬁg'? %ﬁ? Wo reversible
waves Werebi%PISbeiﬂd{ﬁo)ah&leh&ﬂ@diﬂﬁbﬁﬁo]&ﬁetﬁhﬂ%o&rﬁof.i gure 2. 125 ~elL of

1- hexene ( 1.0 mml) was quick]y added to the solution with stirring; and

the solution was scanned again at different scan rates. The

Ni (mt)2]-/[N (mmt 2- ' . f L pnitial
scan Hubver,  for {HROTISRARe RPTEE AbS Y oveRR B ke Bubn ] e
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negative potential (reducing the 1-hexene adduct) reveals that the
[[Ni (rmt)2]-/[Ni (mt)2J2- couple is only slightly affected (but is still

reversi ble), which regyeal . i .1-hexene when
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above. All or part of the process may be carried out in an electrochemical cell.

The streams may be liquid, gaseous, or mixed. The solvent should be a suitable
solvent to provide electrical conductivity within the cell, e.g., a polar organic

" liquid, an ionic liquid, or an aqueous solution provided that it is essentially non-
interfering with the reaction of the olefin and metal dithiolene complex. For
gaseous olefins, a saturated solution was used. Concentrations of liquid olefins
are normally at the molar level. Olefin separation is accomplished by contacting
the stream containing the olefin to be separated with the metal dithiolene

complex in an electrochemical cell at a specific potential such that the complex



1- hexane and [Ni(mt)2]. Cearly, as shown in Figure 3 fast ol efin binding
and rel ease can be achi eved and nodul ated el ectrochenically. Exanple 3 °

Cyclic volgg by of (Bu4N) Ni [S2C CN] ~~ in the prese hyl ene: A
simlar procedure to that in Exanple 2 was fol | owed excegg%lpﬁglfﬂg‘g?hyl ene
was passed through the sol ution of [Ni_}rmt)Z]- for 90 seconds to nmake a
saturated solution of ethylene. The ic/ia ratio of the

[ Ni (rmt) 2] A4 D theokidtdedqelgl, medesl) éanedhichoforngan adduet ith the oldfin terbesence of
ethylene, while that of the [N (mmt)2] 7[N (mt),2] 2- couple is virtually
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[ S2C~(CN)2] 2 in the presence of prapylene: ampl e 3 was repeated for
propyl ene. f@&‘i"iqaarber‘%‘gm‘-tfgfWlﬁab@e‘P\?eYPﬁtslqlEﬁP@‘ g‘Fé‘gBHiBofGFu XCcess

propyl ene, LGLE ' ' t)2]' couple dropped fromca. 1
to 0. 26, mv?ﬁeﬁﬁé?{’é)%ggﬂém?kﬁ??ﬂﬁlé(}{\iﬁﬁ(rmt)2] 2- coupl e did not change.
It is indicated that a fast reaction with propyl ene occurs (to form
adducts) when [Ni(mt) 2] . i,s generated electrochem cally; and the adduct
qui ckly rel eases ol %ﬁ']"’mé’ﬁg\“gwx ?o%{e'@d@?ﬂnﬁrsfrﬁﬁ?‘r%%?c’?%W%ears to
be fast angnghGaBer of WRAVfrbRdtts of Softafliddaits SGhE fifdrol. An

el ectrochem tal nethod for separating olefins from ol efin” containing
streans, ccathonadeoys streammin addition tocthe simple olefins, & gnalkanesygromatics,
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H2, CO, CzZH2, HZS, H20, CO2, and al kynes. 3. The process of claim1l further .

conprising dissociatinhg the,olefin, fromthe ex recqver the olefin
by appl yi ng suit abl el @Be8t¢0E BE0 pgql_stateoigtgmroup {’?H metal

dithiolene complexes to achieve binding and then release of the olefins to be
separated or recovered is accomplished in the redox system. Ultimately, the
olefin must be dissociated from the complex if the metal dithiolene complex is to
be recovered and recycled or reused. In addition to the electric potential switch,
other process conditions may be selected or manipulated to facilitate the
reversibility of the olefin binding to the metal dithiolene complex, and the
subsequent release of the olefin and recovery of the metal dithiolene. Thus, for
example, a change in temperature (e.g., increase to release olefin), or pressure
(e.g., decrease to release olefin), or solvent (e.g., a polar solvent to facilitate the
reaction) may be employed in combination with the electric potential switch to

achieve reversibility of olefin binding.



4. The process of claim1l wherein contacting is carried out at a
tenpéerature of fromabout -60C to 150C. 5. The process of claim1l wherein

t he el ect r&@ y 1t hdrawi ng groups are selected from halo-, heterocyclo-,
cyano-, JXJ1%8t e, carboxylic ester, keto vitro and sulFCSHS St Yups. 6.
The process of claim1 wherein Ra, Rb, Rl R2, R3, and R4 are independently
sel ected from CF3 and CN. WO 00/ 61528~ 14 PCT/ US00/ 09454 7. The process

of claim1 wherein MA&va&.@dg@f‘c&ﬁ@eimmdﬁlxbe &eldaish dthte of thelhRtaPirP@Rss of
claim1 further conprising the step of recovering the conplex fromthe feed

stream 9. fhktl githiokene aompléxes with Meusepﬁredpwwcras (#:g. a8 eleghrot ed out by
?L;gf t gxg g«;‘}\qnge | n l i wEﬁgg gﬁx?i Idg'lp %étgfi&hugle\ﬁme %Qm%pexqgn@sg at
- A3N. A3[ . A“ﬂéﬁetﬂ?tﬁoﬁﬂm@éﬁn it dw&FdTlex&Fdddﬁct, whereupoR apphedtiolwpdlf A P
relatively negative potential the reduced (i.e., electron rich) metal dithiolene
complex releases the olefin and the regeneration of the starting metal dithiolene.
Depending on the nature of the complex used, the potential range can be within,
for example, -2 to 2 volts although the actual potential variation may be as small
as 0.5 volt or less. The process may be represented in a simplified manner is
_specified in Figure 1. The cation A is omitted from the scheme. In Figure 1, M

is a transition metal as defined in Formula I and II, L is a dithiolene ligand as

defined above. The cycle can start from either MLy~ or ML,.

Desirably, conditions for separation of the olefin from the adduct
to metal dithiolene complexes should be selected to facilitate recovery of the

metal dithiolené complexes for use in subsequent cycles.

Thus in the present invention olefin binding occurs once the
neutral form is generated by electrochemical oxidation. Thus, for example,

[Ni(S2C2(CN)2)2] binds olefins in its neutral form. However, it does not bind

olefins in its reduced forms. When the olefin-metal dithiolene adduct is reduced
electrochemically, affinity of the metal dithiolene complex to olefin is decreased
and the olefin is released. The reduced form of the metal dithiolene complex can

then be re-oxidized for use in the subsequent cycle.

Applicants have, using cyclic voltammetry, demonstrated the
electrochemically-driven, reversible reactions of [Ni(S2C7(CN)3)2] with olefins
such as 1-hexene, propylene, and ethylene. In such cases, fast olefin binding

occurs once the neutral form is generated electrochemically and the olefin is
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EXAMPLES
Example 1

General experimental procedure for electrochemically-driven
olefin binding: (Bu4N)Ni[S2C2(CN)2]2 and (BugN)sNi[SoCo(CN)2]2 were
prepared following the literature methods (Inorg. Synth., Vol. 10, 8-26, (1967)).
Cyclic voltammetry was carried out using a BAS100A Electrochemical
Analyzer. A three-electrode cell was used in which a Pt-disk working electrode,
a Pt-wire auxiliary electrode, and a Agt/Ag-wire reference electrode were

employed. Experiments were carried out in CH7Cly with BugNPFg as support-

ing electrolyte. The ferrocene/ferrocenium (Fc/Fct) couple was used as

standard for potential calibration.
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1-hexene: In an electrochemical cell, 11 mg of (BugN)Ni[S2C2(CN)z2]2

([Ni(mnt)3]", 0.02 mmol. mnt = SC2(CN)3) was dissolved in 10 mL of 0.1 M
BugNPFg solution in dry, degassed CH7Clp. The solution was scanned at rates

of 100, 400, and 1000 mv/s. Two reversible waves were observed at all three
rates as shown in Figure 2. 125 pL of 1-hexene (1.0 mmol) was quickly added

to the solution with stirring; and the solution was scanned again at different scan

rates. The [Ni(mnt)>]-/[Ni(mnt)2]2- couple was virtually unaffected in the

initial scan. However, for the [Ni(mnt)7]/[Ni(mnt)7]" couple, the cathode
current i decreases significantly as compared to the anode current i (ic/ig =

0.43) in the presence of excess 1-hexene. This observation reveals that some

percentage of [Ni(mnt),), once formed, has reacted with 1-hexene thereby
reducing the concentration of “free” [Ni(mnt);]. There is no significant change
in the io/i, ratio when the scan rate is varied (100, 400, and 1000 mv/s). These
facts indicate that there is reaction between [Ni(mnt);] and 1-hexene; and that

the reaction is faster than, or at least comparable to, the electrochemical time-

scale (seconds or sub-second). The fact that io/i4 is not zero suggests that the

reaction is an equilibrium. Otherwise, a complete reaction in the presence of

large excess I1-hexene will result in zero or close to zero cathode current (ic).
Scanning to more negative potential (reducing the 1-hexene adduct) reveals that
the [Ni(mnt),]*/[Ni(mnt)>]2- couple is only slightly affected (but is still
reversible), which reveals that the adduct quickly releases 1-hexene when
reduced. The fact that the [Ni(mnt),]-/[Ni(mnt);]2- couple deformed slightly on
further scanning suggests that the olefin adduct has similar redox potential to
that of [Ni(mnt),]" (for the [Ni(mnt)»]~/[Ni(mnt)3]2- couple). Multiple scans
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1-hexene and [Nl(mnt)z]. Clearly, as shown in Figure 3 fast olcfm binding and

release can be achieved and modulated electrochemically.

Example 3

Cyclic voltammetry of (BugNINi[S5Co(CN)>]7 in the presence of
ethylene: A similar procedure to that in Example 2 was followed except that

ethylene was passed through the solution of [Ni(mnt);]~ for 90 seconds to make
a saturated solution of ethylene. The ic/ig ratio of the [Ni(mnt)2]/[Ni(mnt),]"
couple decreased from ca. 1 to 0.6 in the presence of ethylene, while that of the
[Ni(mnt),]/[Ni(mnt)2}2- couple is virtually unaffected. It is indicated that a fast
reaction with ethylene occurs (to form adducts) when [Ni(mnt)7] is generated

clectrochemically; and the adduct quickly releases olefin when reduced. The

equilibrium reaction appears to be fast and clean.

Example 4

Cyelic voltammetry of (BugNINi[S2C2(CN)2]7 in the presence
of propylene: Example 3 was repeated for propylene. Similar results were

observed. In the presence of excess propylene, i¢/ia for the
[Ni(mnt);)/[Ni(mnt);]- couple dropped from ca. 1 to 0.26, while that of the
[Ni(mnt),]"/[Ni(mnt);]2- couple did not change. It is indicated that a fast

reaction with propylene occurs (to form adducts) when [Ni(mnt);] is generated

electrochemically; and the adduct quickly releases olefin when reduced. The

equilibrium reaction appears to be fast and clean.
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1. An electrochemical method for separating olefins from olefin-

containing streams, comprising: in an electrochemical cell contacting an

olefin-containing stream with a metal dithiolene compound selected from

compounds represented by the formulas Ax{[M[82C2(R3Rb)]2} and
Ax{IM[S2C(RIR2R3R4)]5} at redox conditions sufficient to form an adduct of

the olefin with the metal dithiolene compound and to release the olefin, wherein
M is a transition metal R and Rb and R1, R2, R3, and R4 are independently
selected and may be the same or different and are selected from hydrogen,
electron withdrawing groups and unsubstituted and electron withdrawing group
substituted hydrocarbyl groups.

2. The process of claim 1 wherein the olefin-containing stream
contains at least one of paraffins, Hy, CO, CoH», H3S, HoO, CO, and alkynes.

3. The process of claim 1 further comprising dissociating the olefin
from the complex to recover the olefin by applying suitable electric potential.

4. The process of claim 1 wherein contacting is carried out at a
temperature of from about -60°C to 150°C.

5. The process of claim 1 wherein the electron withdrawing groups
are selected from halo-, heterocyclo-, cyano-, carboxylate, carboxylic ester, keto-

, nitro and sulfonyl groups.

6. The process of claim 1 wherein R3, Rb, R1, R2, R3, and R4 are
independently selected from CF3 and CN.
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the complex from the feed stream.

9. The process of claim 3 wherein dissociating is carried out by _
effective change in electric potential in combination with changing at least one

of temperature, pressure, or solvent.



