TETRAPHOSPHORUS LI GANDS FOR CATALYTI C HYDROFORMYLATI ON AND RELATED

REACTI ONS Cross Reference to Rel ated Application [001] This
application clains the benefit of priority of Provisional Application No.
60/ 750, 733 fil ed Decenber 15, 2005, which is incorporated herein by
reference. Field of the Invention [0021 The present invention relates to
new phosphorous |igands and their applications in hydrofornylation and

rel ated reactions: More particularly, the present invention relates to
transition metal conplexes having chelating tetraphosphorus ligands with
mul ti chel ati ng nodes. Tetraphosphorus ligands with nultichel ati ng nodes can
enhance coordinating abilities for transition nmetals such as Rh and Ni, and
t hus enhanc TEIRAEHOSRH@BUSILEANDSt FOR €adIAIoYEIC YD ROFORNVIYAA TION
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[003] Hydroformylation, dxscovered by Roelen in 1938, has been the largest

homogeneous catalytic process in industry. More than 15 billion pounds of aldehydes and
alcohols per year have been produced based on Fe, Zn, Mn, Co, Cu, Ag, Ni, Pt, Pd, Rh, Ru
and Ir based catalysts. In these processes, achieving high selectivity to linear products is
extremely important for commercial application. Despite the extensive investigation by both
academic and industrial groups such as BASF, Dow, Shell and Eastman, among others, there
still remain fundamental and practical problems regarding selectivity. New concepts for
controlling selectivities are very important in catalytic reactions. Highly efficient selective
catalysts will allow some bulky chemicals to be produced in an environmentally sound

manner under milder conditions.

[004] Cobalt catalysts (e.g., HCo(CQ)4) dominated industrial hydroformylation until
rhodium catalysts (e.g., HRh(CO);(PPha); )} were introduced in earlier 1970°s. In 2004, it is




PPh3 |

OC- Rh- H PPh3 | PPh3 active, not very selective OCRh-H -1

hi ghly active, not selective

estimated that approximately 75% of all hydroformylation processes were based on rhodium
triarylphosphine catalysts. Achieving high regioselectivity to linear aldehydes is critical for
hydroformylation and related reactions. The resulting aldehydes are converted to alcohols,
carboxylic acids or other derivatives, which are used as plasticizers, detergents, surfactants,

solvents, lubricants and chemical intermediates.

[005] Scheme 1 below shows the dissociation of a Rh catalyzed hydroformylation

catalyst.
PPh, ; co. . . co
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400 fold of PPh; to Rh

[006] The successful commercialization of HRh(CO)(PPhs). technology has been
based on the key discovery of Pruett at Union Carbide and Booth at Union oil that the use of
rhodium with excess phosphine ligand can lead to forming active, selective hydroformylation
catalysts. The need for excess phosphines is: due fo the facile Rh-PPh; dissociation in the
catalytic system as illustrated by Scheme 1. Loss of PPh; from HRh(CO)(PPhs); results in
more active, but less regioselective hydroformylation catalysts B and C. In the commercial
process, up to an 820 fold excess of PPhs to Rh is used to assure high linear:branch selectivity
ratio, i.e., up to 17:1, for the hydroformylation of 1-hexene. Commercial hydroformylation
of propylene has been run with a 400 fold excess of PPhs to Rh with a linear:branch

selectivity ratio of 8-9:1 being achieved.

[007] Rh/PPh; catalyzed hydroformylatic;n is the key for making all oxo alcohols.
Propylene is the largest single alkene hydroformylated to produce butylaldehyde, which can
be hydrogenated to produce butanol, or dimerized by an aldol condensation and then
hydrogenated to form 2-ethyl-l1-hexanol, the largest single product produced by

hydroformylation (over 5 billion Ibs a year). 2-ethyl-1-hexanol is usually reacted with

CO




sel ective catal yst A 400 fold of PPh 3 to Rh [ 6] The successf ul
commerci ali zati on of HRh(CO) (PPh3)2 technol ogy has been based on the key

di scovery of Pruett at Union Carbide and Booth at Union oil that the use of
rhodi umw th excess phosphine ligand can lead to formng active, selective
hydrof orrnyl ati on catal ysts. The need for excess phosphines is due to the
facil e Rh-PPh3 dissociation in the catalytic systemas illustrated by
Schenme 1. Loss of PPh3 from HRh(CO)(PPh3)2 results in nore active, but |ess
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hydr of or nﬁ“gtq(gﬁgﬁ?'g‘@é @grbé%dgﬁheﬁ?ﬁgf’é Nelis ‘fsérﬁ{) f@vctl vity, a new
generation of transition netal catal ysts were devel oped using
| i gands. - For exarrpl e: Bisbi by Eastman Chenical; Xantphos by
(University of 5 , Bernhard Breit, Ace. Chem Res.
264- 275, Bernhg - Wl fgang » e, Synt he‘?P 1B
UC- 44 by Uni on “Sach . 'ﬁ’?ése g '

phosphi ne

has led to hig ¥a btpﬁh?ched ati 08" as II as to
activities. For a lineaf,to branch, ratig,of
hydr of or myl ati on™~6f 1- hexene has béen obser ved. Casey and Wan)Eekuwen
proposed that pagt,pf regiosel ecti Waktgndsn t he Rh-cat al yzeg hyr nyl ation
is due to netal bisphosphine bite angle around 120 degree is fUT , 1.e.,
"the Bite angle hypothesis" as illustrated bel ow

By using these ligands, a typical 400 fold excess of PPh; has been reduced to a 5 fold excess
of chelating phosphines. This new generation of chelating phosphines has led to high

linear:branched ratios as well as to higher catalytic activities. For example, a linear to branch




1 s, APPh3 Rh. 1*PPh3 CO 1 CO ) Chelating Bi sphosphi ne Reducing the use of
excess PPh3 . Bite angle (P:Rh-P): 120 degree [ 0010] Despite that a
nunber of chiral bisphosphorus |igands being usedas catalyst's for

hydrof ormmyl ati on and rel ated reactions, the highly selective, active
phosphorus |igands for hydrofornylation still remain an area of strong
research interest. However, because of the dissociation of phosphines from
t he Rh-CO coordination is a problemfor achieving high regioselectivity,
that 1s hi g b99@128.9 Bf ﬁwafcrra,kﬁaeﬁmoctfm <R A GLeh B!Ss‘éPW:Qied C4RY GhPRALRAY
famlies of phosphorus gands wth nul el ati ng coordination nodes Is
attracti veLemntmm%qufugglpﬁqjmﬁwgy@?th@ﬁé Gt a«%@é%ﬂfﬁﬁ@mﬂ%wn iybgdnse
of their C%faq“bfl:ﬁﬂééﬂgm@@ltle lnh 18 SrUNOLHD HFIeL tid forhEd, qtel ReheCORE dbg@hy%émdes
|l ead to hlghlg regi osel ective transition in metal-.1igand catal yzed
hYUrofornyP%l“8ﬁ®£ﬁ¥W%Hened reactions. to provide high linear to branch
rati os than those previously obtained. Al so, the symmetric nature of these
ligands allows these Iigands to pe prepared easily. Summary of the

| nventi on fOOll] In the pr entulnventlon we introduce a variety of
t et r aphosphorus | i gands} (Fupe A mq n _chel &bii#ige Righesdii®at i on nodes as
illustrated bel ow t wincé coord W) i |1 §ds@B the use IpeR&ssAplSgandType B

Mould where Mis a neﬂdPP&elected fr the group consisting of Fe, Zn, M,
Co, Cu, Ag, N, Pt, PdCcoRh, Ru aEgzmlé g%_.jﬁglected fromthe group )
consi sting of 0, 'NH, NR and CH2; g ' “#FY om-t he group consisting of
Ar, QAr and pyrrole; Ri-s an organic group and Ar is an aryl group.. Type A
Ilgand is a tetraphosphorous |igand of the present invention. Type B |igand
i's a bi sphosphof001@] Despite that Asiunblen of cleitad dispidspirgrut lgartde theaphosdhocatalysts
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si ngl e nodeydrefamaylgtiorPdtilMemai? an area of strong research interest. However, because of the
dissociation of phosphines from the Rh-CO coordination, is a problem for achieving high
regioselectivity, that is high linear to branch ratios of the products produced. Developing
families of phosphorus ligands with multi-chelating coordination modes is attractive. The
tetraphosphorous ligands of the present invention, because of their coordinating abilities
through multi-chelating coordination modes, lead to hlghly regioselective transition in metal-
ligand catalyzed hydroformylation and related reactions. to provide high linear fo branch
ratios than those previously obtained. Also, the symmetric nature of these ligands allows

these ligands to be prepared easily.
Summary of the Invention

[0011] In the present invention, we introduce a variety of tetraphosphorus ligands
(Type A) with multi-chelating coordination modes as illustrated . below to enhance

coordination abilities:
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Conpared wi th normal bisphosphorus Iigands (Type B), the nulti-cheiating

t et raphosphorus ligands (Type A) of the present invention- enhance the
coordinating abilities of ligands w thout major change of el ectronic
properties ofligands. Detailed Description of the Invention [ 0012]
The present invention is directed to tetraphosphorous |igands having

mul tichel ati ng coordi nati on nodes to used as catal ysts for hydrofornyl ation
and related reactions. The transition netal catalysts prepared using the

tetr aphlos PRREO N 1Tsl d ﬂl@ﬁﬁ&l&frt]ed ﬂﬁnnnceg@lug c&mésﬂﬂg Fpp?;@rn@h/m‘, gl vuaskiNg Pﬁ}ﬂﬁ,
regi osel ectj ve. _tetr osphorous |1 gands, of the presen vention have
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i ndependenfromi, thdlgrdidp cAnsistighsit Ai, WL&Haly pyrfdRe; FON an bigaint ,grévgd ateAr SRaryl
S0311, SA2NHR, POR2, .POAr2 or NR2. where. R is.an al kyl., substitu al.kyl,
Sty or sUBRU- Ty JEgH & afeudbhoshihSisighod 35 % pfese invehHET chvd f Py
Ar, OR, OhAr bisplyspiddreusligsidbsAs flltseated\belodl, ehe whrepimspharss Hgandl ({ybe A) has at
substi t ut I , Lt d aryl,and Ar i.s_an ary): and Yr,. Y23
V23 a3 youl it cfine, RottiiGhh MhEG R LS Borgifucl, ikes Yirel] e
subst i t ut ddspirpsphorus lisahd (&ypR B)daan shlgleythodes vbsely tRitedPal kyl , aryl or
substituted aryl and Ar is an aryl, or where R, Ar, OR OAr, pyrrole and
substituted pyrrole &e |imwked win,h a casbon tdiearhofis bond, _
and O The substituyfed oups woul d ude, for e anpke, nmet hy Nyl et hyl ,
t-butyl and phenyl M[0033] THe Tollaqg '

ng ilTustratg¢s aNfirst-enb

the invention: - wheeff,X i's 0, @2mNH NR, Rug] NSCRARWhéPe, R i s
an al kyl, substituted®al kyl'? aryl or su Stituted aryl 'and Ar is an aryl;
and a, bc, d, I, j, k, I, mand n are, independently, H alkyl, -aryl,

substituted al kyl, substituted aryl, OR OAr, SIiR3, CF3, COOR, SCB3R, SG3H,
POR2, hal i(cRnRgred igh ermal bisphespherus iligagds (Rypq B), rthe frpltirchelafingdeuanhipephosus

f |ui efj ri ngﬁgeﬁdsam%xtg{mdfdhawﬁeﬁd mgeiuAm- eNRgES tﬂ%l L&.@[rgigi%gibmﬁsyfagtxigtamsed
al Kyl , aryl, . or supstjtuted ar .an [ 1's.an aryl. secon
bad mon Il REOT RS POSIEEnS PoRTHe B on o wherein X i O,

CH2, NH, . . NSO2Ar,  wh R i | kyl, bstituted al kyl, I

o subst i Rl pRio bR i En | * S b o a e o e K,
ubst i TR vl and a b B Lk

aryl, O one CUTRE MOt lenlfl iy o IR, Tekfds P i’ °C
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bel ow: invention are highly active and regioselective. The tetraphosphorous ligands of the present

invention have the following generic structure:




wherein X is 0, CH2, NH, NR NSO2R or NSQ2Ar, where R is an al kyl,
substituted al kyl, aryl or substituted aryl and Ar is an aryl; and a, b, c,

d e, i, j, k, I, mand n are, independently, H alkyl, aryl, substituted
al kyl, substituted aryl, OR OAr, SiR3, CF3, COOR, SBR, SMH, POR2,
halide, NR2, or two of a, b, ¢, d, e, 1, j, k, I, mand n can be a cyclic

fused ring or an [0016] A fourth enbodi nent of the invention is
illustrated below. f wherein Xis 0, CH2, NH, NR, NSO2R or NSQ2Ar, where R

is an al kylwherestiRSt kf Yitr@@nalnkare, indépdndéitlys HO R, iArpbediated ARNORADAKSCAOEL,

aryl; Yis. a, on- gar.bo IS .a

subst it ut edald 9K§B Igag@tls)’oéb&tggt P 85’2 ?@2’&3{? )?Im?%’n"gﬁéé[e ﬁd‘sﬁnﬁﬁgl’ ?“ﬁg‘étBlglﬁégﬂl Y,
H al kyl, ar)lbr ssbstisitdd M&Eduﬁkkid an aﬁjdbSCtﬂXMtr@d::@pyxhdanﬂR ROQI‘, LOFRSi (8, pﬁﬁf@l,e .
COOR, SoBR S t to ,n._an yse
Fimg or _an bRt bied Bt e e Ao e et e Byl EXEaEpL I
aryl or sulstarf;endd angi, Yan‘d’zAYs,l‘)é's,dh, b(hyarc, ip@peadently f RS Ah Q&iﬁdr,rmrmleorfr

the inventi
NSC2R : or ﬂ&%ﬂ%&%& %r}b% vﬁ; ?%Rg% ng%“li((g;ll SM& g%d:}t"{ﬁ eazqui %ﬁut&&'& NBId Aris an
subst i t ut edryhrorl wiznel RArAn ORaOAr, )plyrrobmjlda&lbwwtéd pirrole, ar¢ lm]<€d Wlth Ia carhoartd

dare, 'nde%%&?%hc}’ ch ﬁthNR aﬂ&% ﬂ%%két&%@%r&lp%%oulé%&&&é %xegxa?r(dré
OR, OAr, SiR3 COOR PORZ, NR2, a,
d, e, I, jmeﬂtyl:leth%‘d?t’dylr?“é&’he'bé a cycl ic fused r| ng or an extended
aromatic 1ing, WRsPTR kAl likMatest st drsbiicasle of e in@itiondT  Subst i tut ed
aryl and Ar is an aryl. {0018] A’sixth enbodi ment of the invention is
illustrated bel ow vvherel n |saO CHz;  NH, N OZR or NSQ2Ar, where R

is an al kyl, substituted & yl ,or UbS;tIt ar and Ar is an aryl;
and a to n are, independen{Ty Iﬁ 2 yI ted al kyl,
substituted aryl, OR QAr, 'Si R3, X 2PCR2 haI i de, NR2,

or two of a to n can be a cyclic fused rjng or an xtended aromatic ring,
where R is an al kyl, subst,tutied al kx akylx or ,su stl uted aryl and Ar is
an aryl. Wen d and e arefg genant |P these | i gands can
prepared for asymmetric catal react| onsn 391 Exanpl es of the
t et raphosphorus |igands of t present mnventlona(leto L91) are
illustrated below L12L13

wherein X is O, CH,, NH, NR, NSO:R or NSOzAr, where R is an alkyl, substituted alkyl,
aryl or substituted aryl and Ar is an aryl; and a, b ¢, d, i, j, k, I, m and n are, independently, H,
alkyl, aryl, substituted alkyl, substituted aryl, OR, OAr, SiR;, CF3, COOR, SO3;R, SO3H,
PORj, halide or two of a, b, ¢, d, i, j, k, |, m and n can be a cyclic fused ring or an extended

aromatic ring, where R is an alkyl, substituted alkyl, aryl or substituted aryl and Ar is an aryl.

[0014] A second embodiment of the invention is illustrated below:




L59-L62 Y = Br, Me, iPr, tBu [0020] In a hydrofornylation or
related reaction, the transition netaltetraphosphorous |igand conplex is
prepared by mxing a transition nmetal salt with the ligand. The transition
netal salt is a salt of a transition netal selected fromthe group
consisting of Fe, Zn, M, Co, Cu, Ag, NI, Pt, Pd, Rh, Ru and Jr. Exanples
of the transition netal salts are FexX3, Fe(0Tf)3, Fe(0Ac)3, M(O0Ac) 3,
M(O0Tf) 3, MiX3, Zn(Or02, Co(OAc)2, AgX, Ag(O0Tf), Ag(0T02, AgQAc, PtCl2,
H2Pt C14, Pd2(DBA)3, Pd(OAc)2, PdCL2(RCY) 2, (Pd(al hy1)Cl) 2, Pd(PR3)4,
(Rh(NBD) 2) X, (Rh(NBD)Cl)2, (Rh(COD) (Rh

Rh(et hyl ene) 2(acac), (Rh(ethylene)?2
RuH( C0) 2( PPh3) 2, Ru(Ar) X2, Ru(A

)3, R C0)2C 12,
%) (WY, Ru( COD) (COT) X,

RuX2(cynen), Ru(COD)", Rud 2( (
RuC12(=CHR) (PR 3) 2, Ru(ArH) ClZs COoD r('P\IBD)2C1)2
(Ir(NBD)2) X, (lr(COD)2C1)2, (Ir( ) 2) X; )4a Cu(OTO, Cu(0r02,

Cu(Ar) X, CuX, N (acac)2, N X2, (N (allyl)
Ti(Q Pr)4, VQ acac)2 and MeRe03, d
selected fromthe grour consisti

i (COD) 2,f Mb02(acac) 2,
S _independently
s an aryl group

group; X is a countera-nion, C 1\EE4, 6, CF3S03,
B(C6l-13(CF3)2)4, C, -Br or I; 73 is Bha | =CHCOCH7 CHPh,
.NDB i s norbornadiene; COD is cyfloo j ene an is cycloodotriene: The

nai xture is placed in an autocl ave that s purg%d Wit h nitrogen -and

subsequent |Whe@é1ﬁ-f)g%dOV\CfE NE, ane, N@Ozﬁ)éﬂm@ﬁ}xs wierd REis an alkyl, substituted alkyl
Tetraphosph te.Li ea t| ns and nani pul atl ons inthe

exarrpl e set r’fo?{ o %Pm ebe? ‘{%%‘Fo‘ r?é‘da"?' aqd & (% Gy %5 i} bl Kyl lo b BB "o‘i'*re
usi ng st andadepersihilgni, hB@hnatqu&anbsﬂihEd mltwbuﬁu&dwe ORj @okrasdzsdlcﬂokl ed

from sodi u n nder Vet hyl ene, - chl
ot ed P SORS PRRE MERAY or. 00 & arbis BUEH b oy, THeTEh ™ it PoBEReHecBPgim
chr omat ogr aqmlgwrwa$xmdéd)athamg vilbltesR lid @palge] s@Bti(2QDaltPD) art oh substitdted
13C and 31PDL\PI Sanl 26107 ded on Bruker WP-200, AM 300, and AMX- 360
spectromnet ers. emcal” shifts were reported in ppm down fleld from
tetramethylsila NE standard. M5
spectra were re?@rlgﬂe%ngﬁbgnﬁ% %@2%@%@%&%%@%&%&@% for LR-El and
HR-El . GC anal ysis was carried on Hel wet t - Pagkargl 6890 gas chr omat ogr aphy
using chiral capillary col ums. anal ysi S=w@s carried on WatersTM 600
Chr omat ogr aphy. [ 0022] The f ngdp e was used to synthesize
| i gand having the structure Li.aSo ol uti op—of i pyrrol yphosphi ne
(4.4 mol, 0.87g) in THF (1® sa%idqd cﬁo})ﬂ iethylanmine InL and a
(

sol ution of tetraol (1 nmol, Ifoom t enper at ur e.
Tetraol was synthesized acce g éOx ' nerstroem O.;

| saksson, R, .1 Og. Chem 1%867 52, 54 and chl or odi pyrr ol yphosphl ne
was pr epared accordi ng vancdef Sl pt, d Luten, J.; Kaner, P.
C. J.; van Leeuwen, P. W N ?i , 3873-3883.

Tri et hyI arnine-HCl salts wg the addition. The

reaction mxture was stirred 6h at reom er% ureé. The
a . :'?
b d

wherein X is O, CH,, NH, NR, NSO,R or NSO»Ar, where R is an alkyl, substituted alkyl,
aryl or substituted aryl and Ar is an aryl; and a, b, ¢, d, e, i, j, k, I, m and n are, independently,
H, alkyl, aryl, substituted alkyl, substituted aryl, OR, OAr, SiRs, CF3, COOR, SO;R, SO;H,

POR3, halide, NR, or two of a, b, ¢, d, ¢, i, j, k, I, m and n can be a cyclic fused ring or an




triethylam ne-HCl salts were then filtered off and the sol vent was renoved
under vacuum The crude product was purified by flash chromat ography on
basi ¢ al um num oxi de eluted with hexane/ Et 0Ac/ NEt 3 (6:1:0.01) to produce
ligand Li (0.31 g, 36% as a air-stable colorless solid. 1l-1 NVR (300 Hz,
CDCl12) 5 7.23 (t, 2H, J = 8.3 Hz), 6.68 (m 20H), 6.21 (m 1611); 13C NWR
(90 Hz, CDC12) 5 152.86 (d, J = 12.2Hz131.0, 121.4(d, J = 16.8Hz), 118.1,
115.3(d, J- 13.7 Hz ), 112.7; 31P NWR (146Hz, CDCl 2) 5 107.3. HRMS (ES)
cal cd. for (AMRANGOM Al MAREr IR Ts £0HRy1, 5B @iy ? Ot or RABétRAed aryl and Ar
Hydr of or nyFatlon Process - [0023] To a 2 I t

] rnL vial "w a magnetic’ stirring
bar was ch#rageéevit he tetraphosphorus _ . _ ligand Li prepared in thb

previ 0. us exanp| 3 tungl, 2.6 nd, Rh(acac) (C0) 2 linmo!, 0.1 nL of
10 M sol ution Wﬁl%]oﬂ\ﬁ f.’mé‘i‘ijémgg‘z&fﬁ %‘“Mé’ogf% 4‘}3%%%46 ¥ n. Then

2-octene (10 .. mmol, 1.56 nlL) was added foll owed by decane (0.01.nL) as
internal standard. The reaction m xture was transferred to an autocl ave.

The autoclave was purged with. nictrogen for ffhree tines and subsequently
charged with CO (5 bar) and Id. S _pbhr). The ocl ave was then heated to

100C (oil bath). After 12h, the focl aveg Yed ie¢h icy water and the
pressure was carefully rel eased dawel | ve : ood. The reaction

m xture was i mmedi ately agal yzedpby CC. j h @ remarkabl e

regi osel ectivities using a I - §het at tet/aphoSphorus ligand LI for
hydrof ornyl ati on of styrepe&~F ot §pe f x’en@ ar ® denonstrated in
Table 1. Normally, styrene isla. . diffiICT trate for achieving nore than

d
2:1 ratio of linear to branct%'d product g

when conp r%d t o bi sphosphorous
ligands of the prior art guchlas gxa

a
&K UC-H4. As shown in Table 1,
> ch\a§ L -ffiore sel ective

t he new tetraphosphorus |ig (Type AL~

hydr of ornyl ation |igand t pribr drt Bisp ous ligand (Type B).
The reaction conditions included)O. 1hm)h% -ERQ) 2(acae) and |igand,
reaction tenperature 80 C for at 20 g V and H2- These results
i ndi cate that tetraphosphorus Mrgafds with mul T -ghel ati ng coordi nati on can
be used to increase coordinatS ng abi¥ities of i sphosphi ne |igands. The

regi osel ectivity with Type Ais fhe hi ghest reported to date. Table 1:
Regi osel ecwharein By ¢ Of CHIUNGEL INERL WSO/ e &ISEBAL, | wieanel Ri e alivgl, -Bulaticieichliydf i 0

L CON a'r9| &j éfxbéti_t&ted ’aryl'\linu }ne Iis Jm J%Be‘(% glcln)oon—carbon bond, O, CH;, NH or NR,
where R‘is an alkyl, substituted alkyl, aryl or substituted aryl; and a to n are; independently,
H, alkyl, aryl, substituted alkyl, substituted aryl, OR, OAr, SiRs, CFs, COOR, SO3R, SO;H,
POR;, halide, NRy, or two of a to n tan be a cyclic fused ring or an extended aromatic ring,

where R is an alkyl, substituted alkyl, aryl or substituted aryl and Ar is an aryl.

[0017] A fifth embodiment of the invention is illustrated below:




5:1372:1 382:1 O R NL.5:174:1 -81:1 0, N N Type B The results of
hydr of ormyl ati on of 2-hexene and 2-octene using the tetraphosphorus |igand
(Type A) vs bisphosphorus ligand (Type B) to produce an al dehyde are
summari zed below in Table 2. In Tables 2 to 11 which follow, "rci" is the
ratio of |inear al dehyde to branched al dehyde and "TOF" is turnover
frequency (turnover per catalyst per hour). The tetraPhospborus |igands of
the present invention produce higher "n:i" ratios than bisphosphorus
| i gands. Table 2: Results of Hydroforrylati o ob 2-Hexene and 2-Cctene
Substrate Ligand Tinme (h) Yi el d- of dehyde | Linear Selectivity TOF
(nol . h).1 27hexene e,zfﬁz—b d a

a

" " wherein X is @, CH, NH, NR, NSO;R, ‘or NSOzAr, where R is an alkyl, subsituted alkyl,
_aryl-or substituted aryl and Ar is an aryl; and a, b, c, d, e, i, j, k, |, m and n are, independently,
H, -alkyl,- aryl, substituted alkyl, substituted aryl, OR, OAr, SiRs, CF;, COOR, SOsR, SOsH,
POR;, halide, NR,, or two of a, b,vc, d, e, i, j, k, I, m and n can be a cyclic fused ring or an
extended aromatic ring, where R is an alkyl, substituted alkyl, aryl or substituted aryl and Ar

is an aryl.

[0018] A sixth embodiment of the invention is illustrated below:




tetraplios 1 17.0%80.6 . 98.8% 1. 7x103 2- hexene tetraphos 12 59. 9% 56
98. 2% 0.50x103 2- hexene bisphos 1 20.7% 15 93. 8%

wherein X is O, CHz, NH, NR, NSO;R or NSO,Ar, where R is an alkyl, substituted alkyl,
aryl or substituted aryl and Ar is an aryl; and a to n are, independeﬁtly, H, alkyl, aryl,
substituted alkyl, substituted aryl, OR, OAr, SiRj, CF3, COOR; SO;R, SO3H, POR,, halide,
NR3, or two of a to n can be a cyclic fused ring or an extended aromatic ring, where R is an
alkyl, substituted alkyl, aryl or substituted aryl and Ar is an aryl. When d and e are not

hydrogen, enantiomers of these ligands can prepared for asymmetric catalytic reactions.

[0019] Examples of the tetraphosphorus ligands of the present invention (L1 to L91)

are illustrated below:

Et

o by (L oh » W o o Q)z
L N" 0 0" N e Et

y . ' . -0 1N .
Sy O (VT
T = § '? == _— =
N N 2 2

. O O. 1
(8‘?; ‘ Pf”{%)z | \ hll/ \_|
L3 . L4

(
Do

COOEt
/O O\ @N\ /O O‘
(&), A
/ /), N_R R N
’ 000 W \
L5 L6, L7
R =CH3, tBu

10




2. 1x103 2- hexene bi sphos 12 68.2% 13.5 93. 1% 0. 57 x103 2-octene tetraphos 1

15.1%51.7 98.1% 1.5 x103 2-octene tetraphos 12 77.2%

L13

L12

11




38 97.4% 0. 64 x103 2-octene bisphos 1 23.0% 10.1 91% 2.3 x103 2-octene

bi sphos 12 84.3%5.5 84.6% 0. 70 x103 The hydrofornyl ati on conditions were
S/C = 10000, [Rh] is 0.69 m V1l (for 2-hexene) and 0.57 mM (for 2-octene),
Ligand/Rh ratio is 3:1, reaction tenperature is 100C. COH2 is 5/5 atm
toluene is the solvent, and decane is the internal standard.

12




[ 0025] Tabl e 3 bel ow shows the results of hydrofornylation of 1-hexene and
1-octene using the tetraphosphorus ligand (Type A) vs bi sphosphorus |igand
(Type B) to produce an al dehyde by a hydrofornyl ati on reaction: Table 3:
Results of Hydrofornylation of | -Hexene and 1-Cctene Substrate Ligand --
Time (h) Yield of - A dehyde n:i .Linear Selectivity TOF (nbl.h)-I

| soneri zation - 1-hexene tetraphos 1 671% 382

C Cy
G o o (o
cy” "o 0" “Cy
P 0 O o-en y
Cy~ .0 o.,-Cy
oo T
1 1 C C
Ph Ph y d
L20 121
tBu {Bu
Ar Ar
P P oo O 0" “8u
Ar” O o7 TAr
tBu, O O.. tBu
Arl O O._.Ar R Y
Lt v o {Bu tBu .
Ar Ar - -

° (')Ar ;
. P
o @ aro" ™o O 0~ “OAr
P P
©/ \O O/ ArQ. __O O._.OA
I \$/ O \‘l), r

13




99. 7%

x10, 3 18A% .

6. 7x103 18. 7%,

<

| - hexene tetraphos

1- hexene bi sphos

iBu

tBu

tBu

42

14

2 80.4% 380 -

(2

L43

99. 7%

@

O o)
' P
Q o-™o O o "o O

4.0




| 79.3%80.8 . 98.8% .7.9 x1.03 12.2% . | -hexene bisphos 2 87.2%78.1

98. 7% 4.4 x103 -. 12. 4%

L46-L53 L54
X =H, SiMej,, Br, I, COOEt, CFs, Ph,. substituted aryl




| -octene tetraphos 1 68.6%372 99.7% 6.9 x103 15.3% 1-octene tetraphos
2 83.6% 369 99.7%

LS55 L56-L58
*=H, alkyl, aryl
Y. Y o -y
A \p
O O

1.59-L62 L63-L69

Y = Br, Me, iPr, tBu '=H, alkyl, aryl, Y = Br, Me, iPr, tBu

16




4.2 x103 15.1% 1-octene bisphos | 83.9%74.1 98.7%

Ph v g
Ph :
P Pw cy" O ~cy
Ph” Ph
C Cy

- L e Ty

g c c

Ph

L70 L7t

bi sphos 2 88. 6%

tBu

{

tBu
P~ tBu

1
tBu

5 .
L82 B
' . ’ Ar = tBu OCH3

17
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69.4 98.6% 4.4 x103 10.7% The reaction conditions: S/C = 10000, Rh
concentation is 0.2nmM Ligand/Rh ratio is 3:1, tenperature is 80C, COH2 is
10/ 10 atm toluene is the solvent, and decane is the internal standard.

[ 0026] The hydroformyl ation reaction is highly dependent on the reaction
conditions. Typical reaction conditions are S/ C=10000, |igand netal ratio
of about 3, transition netal. concentration of about 0.2 to 0.7mM reaction
tenperature is 100C, and the reaction tinme is 12h. TO optinmi ze the reaction
conditions, the follgs ments have pe J

tetraphosphorus liga -V|denced
and 3, there a subgt i gF
| i near al dehyde 'sg

i nvention as opposgd to usSfng a bISphOSp"
[0027] The hydrofﬂii | ati ; &
metal ratios. As Skow i @‘
slightly decreased W&
nmetal ratio signific & | ower rati os,

| ow regi osel ectivity Werepgpserved. A m ni | i gapgr to met’al ratio of 2 is
essential to achieve high regioselectivity, which allows the

t etraphosphorus |igapd to be coordln%ted in W”ugltl-coordlna.mmn node.
Further increasing t ig@nd,go regal .ratio dﬂ@» i 8¢
t he regloselect|V|ty y
| i gand netal ratw
TOF[ hl

in Tabl es 2.

e anpunt of

pr esent

o Metal Ratio
t ligand to
rati o

igand to

tBu . Lol

[0020]1In a hydroformylation or related reaction, the transition metal-
tetraphosphorous ligand complex is prepared by mixing a transition metal salt with the
ligand. The transition metal salt is a salt of a transition metal selected from the group
consisting of Fe, Zn, Mn, Co, Cu, Ag, Ni, Pt, Pd, Rh, Ru and Ir. Examples of the transition
metal salts are FeXs, Fe(OTf); Fe(OAc), Mn(OAc);, Mn(OTf)s, MnXs, Zn(OTf),
Co(OAc), AgX, Ag(OTP), Ag(OTD., AgOAc, PtClh, HyPtCly, Pd(DBA)s, Pd(OAc),,

18




1:2 2.92 74.5% 2. 1x103 1:1 17.7 94. 7% 1.8 x103 2:1 43.4 97.7% 1.5 x1-03
4:1 46 97.9% 1-.5x103 " The reaction conditions: substrate is 2-octene,

S/ C=10000,. Rh concdntation is 0.57 nM - tenperature is 100C, COH2 is
10/10 atm reaction tine is I h, tolubne is the solvent, and decane is the
i nternal standard. The results in Table 4 show that presence of two of free

phosphorus ligands with the tetraphosphorus ligand is inportant for
achi eving high regioselectivity (n:i goes from2.92 to 17.7). Table 5 bel ow

Is-Qg\rNgf glr ?y%g?llzgn 0 t Z%%QR? )&Mhtﬁprg%gll@ ??Zﬁéﬁ@%&%f )-rEgg:’ gaﬁ’é?ﬁ]g))(fl?zgand

Li. (Rh(COD),)X, Rh(acac)(CO);, Rh(ethylene)x(acac), (Rh(ethylene),Cl),, RhCI(PPhs)s,
Rh(CO),Cl;,  RuH(CO)(PPhs);, Ru(ArnX;  Ru(Arn)X,(PPhaz)s, Ru(COD)(COT),
Ru(COD)(COD)X, RuXz(cymen), Ru(COD), RuCly(COD), (Ru(COD);)X, RuX,(PN),
RuChL(=CHR)(PR’s);, Ru(ArH)Cl,, Ru(COD)(methallyl);, (Ir(NBD),Cl), (Ir(NBD))X,
(Ie(COD),Cl)2, (Ir(COD)L)X, CuX (NCCHa)g, Cu(OTY), Cu(OT1)2, Cu(AnX, CuX, Ni(acac)s,
NiXs, (Ni(allyl)X),, Ni(COD)2, MoOx(acac),, Ti(OiPr)s, VO(acac), and MeReOs, wherein
each R and R’ is independently selected from the group consisting of alkyl or aryl; Ar is an
aryl group group; X is a counterénion, such as BF;, ClO,, OTf, SbFs, CF3SO0;,
B(CoHs(CF5)s)s, CL,Br or I; OTF is OSO,CF; DBA is PhCH=CHCOCH=CHPh, NDB is
norbornadiene; COD is cyélooctodiené and COT is cyclooc'totrien_e: Tﬁe ‘mixture is placed in

an autoclave that is purged with nitrogen and subsequently charged with CO and Hy.
Synthesis of the Tétraphosphate, Ligand. - ’

[0021] All reactions and manipulations in the example set forth below were
performed in a nitrogen-filled glovebox or using standard Schlenk techniques. THF and
toluene were dried and distilled from sodium-benzophenone ketyl under nitrogen. Methylene
“chloride was distilled from CaH,. Methanol was distilled from Mg under nitrogen. Column
chromatography was performed using EM silica gel 60 (230~400 mesh). 1H,. 13C and 31P
NMR were recorded on Bruker WP-200, AM-300, and AMX-360 spectrometers. Chemical
shifts were reported in ppm down field from tetramethylsilane with the solvent resonance as
the internal standard. MS spectra were recorded on a KRATOS mass spectrometer MS 9/50°
for LR-El and HR-EL. GC analysis was carried on Helwett-Packard 6890 gas
chromatography using chiral capillary columns. HPLC analysis was carried on WatersTM
600 Chrométography. . ‘
: [0022] The following procedure was used to synthesize ligand having the structure
L1. To a solution of chlorodipyrrolyphosphine (4.4 mmol, 0.87g) in THF (10 mL) was added
dropwise triethylamine 1mL and a solution of tetraol (I mmol, 0.218 g) in THF (5 mL} at
room temperature. Tetraol was synthesized according to Lindsten, G.; Wennerstroem, O.;
Isaksson, R., J. Org. Chem. 1987, 52, 547-54, and chlorodipyrrolyphosphine was prepared
according van der Slot, S. C.; Duran, J.; Luten, J.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.
Organometallics 2002, 21, 3873-3883. TriethylamineHCI salts were formed immediately

after the addition. The reaction mixture was stirred for 6h at room temperature. The
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L/Rh ratio n:i Linear Selectivity TOF[h-1] 1:2 12.7 92.7% 2.2x103 1:1 42
97.7% 1.9,x103 2:1 68.5 98.6% 1.9 x103 4:1 70.3

triethylamine«HCI salts were then filtered off and the solvent was removed under vacuum.
The crude product was purified by flash chromatography on basic aluminum oxide eluted
with hexane/EtOAc/NEt; (6:1:0.01) to produce ligand L1 (0.31 g, 36%) as a air-stable
colorless solid. '"H NMR (300 Hz, CDCly) 8 7.23 (t, 2H, J = 8.3 Hz), 6.68 (m, 20H), 6.21 (m,
16H); '*C NMR (90 Hz, CDCl,) & 152.86 (d, J = 12.2Hz131.0, 121.4(d, J = 16.8Hz), 118.1,
115.3(d, J = 13.7 Hz ), 112.7; 31P NMR (146Hz, CDCl,) § 107.3. HRMS (ES") calcd. for

Ca4H39NzO4Ps [MH'] 867.2045, found 867.2021.

Typical Hydroformylation Process

[0023] To a 2 mL vial with a magnetic étirring bar was chdrged the tetraphosphorus

ligand L1 prepared in the previous example 3 p.n-1c'>l, 2.6 mg) and Rh(a}cac)(CO)-;; (1 pmol,
0.1 mL of 10 mM solution in toluene). “The mixture was stirred fg;r 5 min. Then 2-octene (10
mmol, 1.56 mL) was added followed by decane (0.0i-mL) as internal standard. _The reaction
mixture was transferred to an autoclave. The autoélave wz;s purged .witﬁ- nitrogen for three
times and subsequently charged with CO (5 bar) and H; (5 bar). The autoclave was then
heated to 100°C (oil bath). After 12h, the autoclave was cooled in icy water and the pressure

was carefully released in a well ventilated hood. The reaction mixture was immediately

analyzed by GC.

[0024] The remarkable regioselectivities using a multi-chelating tetraphosphorus
ligand L1 for hydroformylation of styrene, 1-octene and 1-hexene are demonstrated in Table
1. Normally, styrene is a difficult substrate for achieving more than 2:1 ratio of linear to
branched products when compared to bisphosphorous ligands of the prior art such as
xantphos and UC-44. As shown in Table 1, the new tetraphosphorus ligands (’I/‘ype A) such
as LI is more selective hydroformylation ligand than the prior art bisphosphorous ligand
(Type B). The reaction conditions included 0.1 mol% Rh(CO)z(acac) and ligand, reaction
temperaturc: 80° C for 1 hour at 20 atm of CO and H;. These results indicate that
tetraphosphorus ligands with multi-chelating coordination can be used to increase
coordinating abilities of bisphosphine ligands. The regioselectivity with Type A is the

highest reported to date.
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98.6% 1.8x103 Reaction conditions: substrate is 2-hexene, S/ C=10000, Rh
concentation is 0.69nV .reaction tenperature is 100C, CO H2 is10/10 atm
reaction time is 1 h, toluene is the solvent, and decane is the internal
standard. The results in Table 5 show that presence of two of free
phosphorus ligands with the tetraphosphorus ligand is inportant for

achi eving high regioselectivity (n:i goes from12.7 to 42). Tenperature

[ 0028] The reaction tenperature also plays a key role in hydrofornylation.
As shown in Tables 6 and 7TRgl QW ReBlostIoMiveeIRRSBIMINSion dTOAMEBnII 9D

regi osel ectivity was observed, the reaction rate was |low. To facilitate the
ol efin isonerizatidre&hd hydr of or tion, MG PRIHTEFY 0C) is
preferred to achie hi gh action rate as well as acceptable

regi osel ectivity. @ol e. 6. rofornylation of 2-octene at different

t enperat ure usi :n@ gang™L | TSArrdi near Seleeectivity T@RElf 1] 140 . 120
100 80 so . 29.5Y30.47) .- 46747.7 53.6 96.7% _ 96.8% 97. 4% 57. 9% 98. 2%
QN'P’O O O~P.N® 5.1 372:1 382:1
N N
W W
Type A (L1)
o

N
Do ‘ g
O O N o 1.5:1 74:1 - B . 81:1

The results of hydroformylation of 2-hexene and 2-octene using the tetraphosphorus ligand
- (Type A) vs bisphosphorus ligand (Type B) to produce an aldehyde are summarized below in
Table 2. In Tables 2 to 11 which follow, “n:i” is the ratio of linear aldehyde to branched
aldehyde and “TOF” is turnover frequency (tum-over per catalyst per hour). The
tetraphosphorus ligands of the present invention produce higher “n:i” ratios than

bisphosphorus ligands.

Table 2: Results of Hydroformylation of 2-Hexene and 2-Octene

Substrate | Ligand Time Yield-of n:i Linear TOF
(h) Aldehyde Selectivity | (mol.h)’
2-hexene | tetraphos 1 17.0% 80.6 - 98.8% 1.7x10°
2-hexene | tetraphos 12 59.9% 56 98.2% 0.50x10°
2-hexene | bisphos 1 20.7% 15 93.8% 2.1x10°
2-hexene | bisphos 12 68.2% 135 93.1% 0.57 x10°
2-octene | tetraphos 1 15.1% 51.7 98.1% 1.5 x10°
2-octene | tetraphos 12 772% 38 97.4% 0.64 x10°
2-octene | bisphos 1 23.0% 10.1 91% 2.3 x10°
2-octene | bisphos 12 84.3% 5.5 84.6% 0.70 x10°
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3. 7x103 34 x103 1..6.x103 -0.77x103. 0. 14x103 *.

Reacti oncondi ti ons: substratei s 2-octene, S/ C=10000, Rh concentation is
0.57mM Ligand/Rh ratio is 3:1, COH2 is 10/10 atm reaction time is |h,
toluene is the solvent, and decane is the internal standard. Table 7.

Hydrof ornyl ation of 2-hexene at different tenperature using Rh-ligand LI _T
Cn:iLinear Selectivity TOF[111] 140 24.3 96% 4. 4x103 120 49.5 98% 2. 8 x103

The hydroformylation conditions were S/C = 10000, [Rh] is 0.69 mM (for 2-hexene) and
0.57 mM (for 2-octene), Ligand/Rh ratio is 3:1, reaction temperature is 100°C, CO/Ha is 5/5

atm, toluene is the solvent, and decane is the internal standard.
[0025] Table 3 below shows the results of hydroformylation of 1-hexene and 1-octene

using the tetraphosphorus ligand (Type A) vs bisphosphorus ligand (Type B) to produce an
aldehyde by a hydroformylation reaction:

Table 3: Results of Hydroformylation of 1-Hexene and 1-Octene

Substrate Ligand Time | Yieldof | n:i Linear TOF Isomerization
- - ¢(h) | Aldehyde Selectivity (mc'>l.h)'l :

1-hexene | tetraphos | = 1 672% | 382 90.7% | 6.7x10° 18.7%"
1-hexene | tetraphos | 2 80.4% | 380 | 99.7% [ 4.0 x107 18.4%.
i-hexene | bisphos | 1 793% | 80.8 | 98.8% | 79x10°|  122%
I-hoxene | bisphos | 2 | 872% | 780 | 98.7% | 44xi0°| . 124%
I-octene | tetraphos 1 68.6% 372 99.7% | 6.9 x10° 15.3%
1-octene | tetraphos 2 83.6% 369 99.7% 42x10° 15.1%
I-octene | bisphos 1 83.9% | 74.1 98.7% | 8.4x10° 10%
l-octene | bisphos 2 88.6% | 694 98.6% | 4.4x10° 10.7%

The reaction conditions: S/C = 10000, Rh concentation is 0.2mM, Ligand/Rh ratio is 3:1,
temperature is 80°C, CO/H; is 10/10 atm, toluene is the solvent, and decane is the internal
standard.

[0026] The hydroformylation reaction is highly dependent on the reaction conditions.
Typical reaction conditions are S/C=10000, ligand metal ratio of about 3, transition metal .
conceniration of about 02 to 0.7mM, reaction temperature is 100°C, and the reaction time is
12h. To optimize the re;ction conditions, the following experiments have been carried out
with tetraphosphorus ligand (IL1). As evidenced by the “n:i” ratios in Tables 2 and 3, there a
substantial and significant improvement in the amount of linear aldehyde produced using a

tetraphosphorus ligand of the present invention as opposed to using a bisphosphorus ligand.
Ligand to Metal Ratio

[0027] The hydroformylation was first carried out with different ligand to metal
ratios. As shown in Table 4, increasing the ligand metal ratio slightly decreased the reaction

rate. On the other hand, the ligand to metal ratio significantly affects the regioselectivity. At
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100 68.1 98.6% 1. 7x103 80 114 99. 1% 0. 99x103 60 179 99.4% 0. 67x103 Reacti on
conditions: substrate is 2-hexene, S/ C=10000, Rh concentation is 0.69n\V
Ligancl/Rh ratio is 3:1, COH2 is 10/10 atm reaction tinme is 1 h, toluene
is the solvent, and decane is the internal standard. Pressure [ 0029]
The CO H2 total pressure also influences the reaction. At high pressure,
both reaction rate and regioselectivity were I ow. Lowering the pressure
generally results in higher reaction rate and regiosel ectivity. Decreasing
the CO H2 ﬁ@\@@'srgﬁ@s, flowrregioselgstivitywers ebpsgrvgdm A minimum ligand to metal ratio of 2 is

essential to achieve high regioselectivity, which allows the tetraphosphorus ligand to be

_ coordinated in a multi-coordination mode. Further increasing the ligand to metal ratio did not

significantly improve the regioselectivity.

Table 4. hydroformylation of 2-octene with different ligand metal ratio using ligand L.1.

L/Rh ratio n:i Linear Selectivity TOF[h™]
1:2 2.92 74.5% 2.1x10°

1:1 17.7 94.7% . 1.8x10°

i 2:1 o 43.4 97.7% . 15x10°
4:1 46 T 97.9% C 15x10°%

Tl_le reaction conditions: substrate is 2-octene, S/C=10000, Rh co’nce‘r;yatipn‘is 0.57 n_1M, :
. temperature is 100°C, CO/H; is 10/10 atm, reaction time is 1h, toluene is the solvent, and,

decane is the internal standard. The results in Table 4 show that presence of two of free

phosphorus ligands with the tetraphosphorus ligand is important for achieving high

regioselectivity (n:i goes from 2.92 to 17.7). Table 5 below shows similar results with 2-

hexene as the substrate.

Table 5. Hydroformylation of 2-hexene with different ligand metal ratio using ligand L1.

L/Rh ratio n: Linear Selectivity TOF[h™]
1:2 12.7 92.7% 2.2x10°
1:1 : 42 97.7% 1.9 x10°
2:1 68.5 98.6% 1.9 x10°
4:1 - 70.3 98.6% 1.8x10°

Reaction conditions: substrate is 2-hexene, S/C=10000, Rh concentation is 0.69mM, reaction
temperature is 100°C, CO/Hz is10/10 atm, reaction time is 1h, toluene is the solvent, and
decane is the internal standard. The results in Table 5 show that presence of two of free

phosphorus ]iéands with the tetraphosphorus ligand is important for achieving high

regioselectivity (n:i goes from 12.7 to 42).

Temperature
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did not change the reaction rate very nmuch, but the regioselectivity

I nproved further. The results fromthe hydrofonnylation of 2-octene and

2- hexene are shown in Tables 8 and 9. Table 8. Hydrofornylation of 2-octene
CO H2 Pressure n:i Linear

Selectivity TOF[h] 30/30 atm 24.3 96% 0. 31x103 20/ 20 atm 30 96. 8% 0.51 x103

at different pressure using ligand Li

10/ 10 atm 46 98%

[0028] The reaction temberature also plays a key role in hydroformylation. As shown

in Tables 6 and 7 below, at low temperature, though high regioselectivity was observed, the

reaction rate was low. To facilitate the olefin isomerization and hydroformylation, high

temperature (100°C) is preferred to achieve high reaction rate as well as acceptable

regioselectivity.

Table 6. Hydroformylation of 2-octene at different temperature using a Rh-ligand L1

T°C n:i Linear Selectivity TOF[h™]
140 29.5 96.7% _ 3.7x10°
120 " 304 96.8% 3.4x10°

" 100 46 97.9% 1.6 x10°
80 47.7 97.9% 0.77x10% *
60 53.6 98.2% -0.14x10% °

Reaction conditions: substrate is 2-octene, S/C=10000, Rh concentation is 0.57mM,

Ligand/Rh ratio is 3:1, CO/H; is 10/10 atm, reaction time is 1h, toluene is the solvent, and

decane is the internal standard.

Table 7. Hydroformylation of 2-hexene at different temperature using Rh-ligand L1

~ T°C i Linear Selectivity TOF[h™]
140 243 96 % 4.4x10°
120 49.5 98% 2.8 x10°
100 68.1 98.6% 1.7 x10°
80 114 99.1% 0.99x10°
60 179 99.4% 0.67x10°

Reaction conditions: substrate is 2-hexene, S/C=10000, Rh concentation is 0.69mM,

Ligand/Rh ratio is 3:1, CO/H; is 10/10 atm, reaction time is 1h, toluene is the solvent, and

decane is the internal standard.

[0029] The CO/H2 total pressure also influences the reaction. At high pressure, both
reaction rate and regioselectivity were low. Lowering the pressure generally results in higher

reaction rate and regioselectivity. Decreasing the CO/H, pressure from 10/10 atm to 5/5 atm

Pressure
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1.6 x103 5/5 atm 51.7 98.1% 1. 5x103 Reaction. Conditions: substrate is
2-octene, S/ C=10000, Rh concentation Is 0.57mM Ligand/Rh ratio is 3:1,
reaction tenperature is 100C, reaction tithe Is ih, toluene is the solvent,
and decane is the internal standard. Table 9. Hydrofornylation 2-hexene at
different pressure using ligand Li CO H2Pressure n:iLinear Selectivity
TOF[ 1-11] 30/30 atm 54_8 98. 2% 0. 96x103 20/ 20 atm 58.8- 98.3% 1.3 x103

did not change the reaction rate very much, but the regioselectivity improved further. The

results from the hydroformylation of 2-octene and 2-hexene are shown in Tables 8 and 9.

Table 8. Hydroformylation of 2-octene at different pressure using ligand L1

CO/H, Pressure n:i Linear Selectivity TOF[h™]
30/30 atm 24.3 96% 0.31x10°
20/20 atm 30 ' 96.8% 0.51 x10°
10/10 atm 46 98% 1.6 x10°

5/5 atm 51.7 _ 98.1% _ 1.5x10°

Reaction . conditions: substrate is 2-octene, S/C=10(500, Rh  concentation is 0.57mM,
Ligand/Rh ratio is 3:1, reaction temperature is 100°C, reaction tithe is 1h, teluent is the

solvent, and decane is the internal standard.

Table 9. Hydroformylation 2-hexene at different pressure using ligand L1

CO/H, Pressure n:i Linear Selectivity TOF[h]
30/30 atm 54.8 98.2% 0.96x10°
20/20 atm ’ 58.8 - 98.3% 1.3 x10°
10/10 atm 68.1 98.6% 1.7 x10°.

5/5 atm © 80.6 98.8% 1.7x10°

Reaction conditions: substrate is 2-hexene, S/C=10000, Rh concentation is 0.69mM,
Ligand/Rh ratio is 3:1, reaction temperature is 100°C, reaction time is 1h, toluene is the

solvent, and decane is the internal standard.
Reaction time

[0030] The reaction time also affects the hydroformylation selectivity. As shown in
Tables 10 and 11 below, the longer the reaction time, the lower the regioselectivity. Further
an increase in the reaction time from 12h to 18h only slightly improved the turnover number

(TON), i.e. turnover per catalyst, at the expense of decreased regioselectivity.




10/10 atm 68.1 98.6% 1.7 x103. 5/5 atm _ .80.6 . 98.8% 1. 7x103 Reacti on
conditions:substrate is 2-hexene, S/ C=10000, Rh concentation is 0.69nV
Ligand/Rh ratio is 3:1, reaction tenperature is 100C, reaction tinme is |h,
toluene is the solvent, and decane is the internal standard. Reaction tine
[ 0030] The reaction tine also affects the hydrofornylation selectivity. As
shown in Tables 10 and 11 below, the |onger the reaction time, the |ower

t he regi ose | urt her a i ncrease_in the rnatlontlmefrom12hto
18h only sljfﬁﬁ I@ ﬁ%ﬁ?fg%ﬂa'ﬂ%o PHERFA ST HeHBNgE (i‘gia“ Ll yrnover per
cat al yst, aTiné\@)expaiise dindeGerasat, r egi ve®l ecti VITOy. (h*‘)TabI e 10°

I—|ydroforrry|--@9‘Inn of 2-0ctene atdi-fferent f'"WLI Time (h)
51.7 98.1% 1.5x10 1.5x1

2 51.3 98.1% 2.8x10° 1.4 x10°
6 41.3 97.6% 5.7x10° 0.94x10°
12 38 97.4% 7.7x10° 0.64x10°
18 27.7 96.5% 8.1x10° 0.45x10°

Reaction conditionS' substrate is 2-octene, S/C*lOOOO Rh concentation is. 0.57mM,
. Ligand/Rh ratio is 3:1, reaction temperature is. 100°C, CO/H, is 5/5 atm, toluene is. the -

solvent, and decane is the internal standard.

Table 11. Hydfoforh‘zylation of 2-hexene at different time using ligand L1

Time (h) n:i Linear Selectivity TON TOF (h™)
1 80.6 98.8% 1.7x10° 1.7x10°
2 71.9 98.6% 2.4 x10° 1.2 x10°
6 63 98.4% . 5.5x10° 0.92x10°
12 56 98.2% 6.0x10° 0.5x10°
18 51.9 98.1% 6.7x10° 0.37x10°

Reaction conditions: substrate is 2-hexene, S/C=10000, Rh concentation is 0.69mM,
Ligand/Rh ratio is 3:1, reaction temperature is 100°C, CO/H; is 5/5 atm, toluene is the

solvent, and decane is the internal standard.

{0031] While this invention has been described with reference to several preferred
embodiments, it is contemplated that various alterations and modifications thereof will
bécome apparent to those skilled in the art upon a reading of the preceding detailed
description. It is therefore intended .that the following appended claims be interpreted as

including all such alterations and modifications as fall within the true spirit and scope of this

invention.
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I near Selectivity TON TOF (If) 1 51.7 98.1% 1.5x10 1.5x10 2 51.3 98. 1%

L
x103 1.4 x103 6 41.3 97.6% 5. 7 x103 0. 94x103

n:i
2.8

What is claimed is;:

1. A phosphorous ligand having the following formula:

T1 Y3
[

P, P
vy X X7 Yy
Y2\ e X X4\ ~ Y4

Pz Py

I |

Y, Yy

wherein i, j, k, 1, m and n are, independently, H, R, Ar, substituted Ar, OR, OAr, COOEt, halide,
SO.R, SOsH, SO,NHR, POR;, POAr, or NR,, where R is an alkyl, substituted alkyl, aryl or
sqbstituted aryl and Ar is an aryl; X,-X4 are, independently, O, or CHy; and Yy, Y'1, Y3, Y, Y3,
Y', Ya, Y'Yy, are, independently, R, Ar, OR, OAr, pyrrole or substituted pyrrole, or where R, Ar,
OR, OAr, pyrrole and substituted pyrrole are linked with a carbon to carbon bond, CH;, NH, NR

or Q.

2. The phosphorous ligand according to claim 1, wherein the ligand has the following

xS
L]

wherein X is O, or CHy; and a, bc d, i, j, k, I, m and n are, independently, H, alkyl, aryl,
substituted alkyl, substituted aryl, OR, OAr, SiR3, CF;, COOR, SO;R, SO3H, POR,, halide or

twoofa, b, c,d,i,j, k, |, m and n can be a cyclic fused ring or an extended aromatic ring.

structure:
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12 38 97.4% 7. 7x103 0. 64x103 18 27.7 96.5% 8. 1x103 0. 45x103 Reacti on
conditions: substrate is 2-octene, S/ C=10000, Rh concentation is 0.57nriM
Ligand/Rh ratio is 3:1, reaction tenperature is 100C, COH2 is 5/5 atm
toluene is. the solvent, and decane is the internal standard. Table 11.
Hydi of or Myl ati on of 2-hexene at different tine using ligand Li Time (h)
n:i Linear Selectivity TON TOF (h-1)

3. The phosphorous ligand according to claim 1, wherein the ligand has the following

structure:

wherein X is O, or CHp; and a, b, ¢, d, ¢, f, i, j, k, 1, m and n are, independently, H, alkyl, aryl,
substituted alkyl, substituted aryl, OR, OAr, SiRs;, COOR, SOsR, SOsH, POR,, halide or two of

a, b,c,d e fij k I, mand n can be a cyclic fused ring or an extended aromatic ring.

4. The phosphorous ligand according to claim 1, wherein the ligand has the following

structure:

wherein X is O, or CHz; and a, b, ¢, d, €, i, j, k, |, m and n are, independently, H, alkyl, aryl,
substituted alkyl, substituted aryl, OR, OAr, SiRs, CF3;, COOR, SO3R, SOs3H, POR,, halide,
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1 80.6 98.8% 1. 7x103 1.7x103 2 71.9 98.6% 2.4 x103 1.2 x103 6 63 98.4%5.5
x103 0.92x103 12 56 98. 2% 6. 0x103

NRj, ortwo of a, b, ¢, d, e, i, j, k, |, m and n can be a cyclic fused ring or an extended aromatic

ring.

5. The phosphorous ligand according to claim 1, wherein the ligand has the following

structure:

wherein X is O, or CHy; Y is a carbon-carbon bond, O, CH,, NH or NR, where R is an alkyl,
substituted alkyl, aryl or substituted aryl; and a to n are, independently, H, alkyl, aryl, substituted
alkyl, substituted aryl, OR, OAr, SiR3, CF3, COOR, SO3R, SO3;H, POR,, halide, NR,, or two of a

to n can be a cyclic fused ring or an extended aromatic ring.

6. The phosphorous ligand according to claim 1, wherein the ligand has the

following structure:
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0.5x103 18 51.9 98:.1% 6. 7x103 0.37x103 Reaction conditions: substrate is
2- hexene, S/ C=10000, Rh concentation is 0.69mM Ligand/Rh ratio is 3:1,
reaction tenperature is 100C, COH2 is 5/5 atm toluene is the solvent, and
decane is the internal standard. [0031] While this invention has
been described with reference to several preferred enbodi nents, it is
contenplated that various 'alterations and nodifications thereof w ill
beconme apparent to those skilled in the art upon a reading of the preceding
detail ed description. It is thereforg intended that the foll ow ng appended

clains be interpreted as includin | suc | terations and nodifications
as fall within the true spirit oBedo i invention. Wat is
claimed is: 1. A phosphorousaligan ving/thg followi ng fornula: wherein
i, J, k, 1, mand n are, badgpeodeptly, H R IAr, stituted Ar, OR CQAr,
COCEt, halide, SO2R, SOBH, BOINHR: I POAr where R is an al kyl,

substituted al kyl, aryl of sybstit
i ndependently, 0, or CH2; andl Y1, Y%
i ndependently, R Ar, OR CAr, pyrrole

nd Is an aryl; Xi-X4 are,
¥3, Y'3 bva, ra, are,
Or substltutgd pyrrol e, or where R

Ar, OR, OQAr, pyrrole and® 3 tuted -@ are ked with a carbon to
carbon bond, CH2, NH, NR, p” 2 e, phos p § Ilgand according to
claim1l, wherein t he Ilgand ha@ the folowi n sOru t wherein X is O,
or CH2; and a, bc d, i, ., fmand n ar |n6bpendently, H, al kyl,
aryl, subst i t ut ed aIkyI substl earyI Si R3, CF3, COOR, SCBR
SBH, POR2, halide or two of a, d, 1 m and n can be a cyclic
fused ring or an extended aroma t| rlng d 3. The phosphorous |igand
accordlnqvto claiml, wherein the | i gand has the follow ng structure:

herein X 1s O, or CHy; and a, b, ¢, d, e, i, J» k, I, m and n are, independently, H, alkyl, aryl,

substituted alkyl, substituted aryl, OR, OAr, SiR;, CF;, COOR, SO3R, SO;H, POR,, halide, NR,,

ortwoofa,b,c,d, e, i,j,k I, mandncanbe a cyclic fused ring or an extended aromatic ring.

7. The phosphorous ligand according to claim 1, wherein the ligand has the foliowing

structure;

wherein X is O, or CHy; and a to n are, independently, H, alkyl, aryl, substituted alkyl,
substituted aryl, OR, OAr, SiR3, CF;, COOR, SO;R, SO3H, POR;, halide, NRy, or two of a to n

can be a cyclic fused ring or an extended aromatic ring.
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wherein Xis 0, or CH2; and a, b, ¢, d, ek, 1, mand n are, independently,
H alkyl, aryl, substituted al kyl, substituted aryl, OR OAr, Si R3, COOR
SABR, SBH, POR2, halide or two of a, b, ¢, d, e, f, i,j, k, 1, mand n can
be a cyclic fused ring or an extended aromatic ring. 4. The
phosphorous |igand according to claim1, wherein the ligarid has the

fol |l ow ng struc ur wherein X and a,. b, . c, d e i, j, kK
1, mand n are, h%%@??@?ﬁ?% ligapd af—‘for‘i?%ﬂ 83'5?%{IWhe?Hb@Fil‘tgﬁ‘fde Sé‘i‘%ﬂﬁ?‘”‘“g
substi t utectusryl , OR, QAr, SiR3, CF3, COOR, S8R, SOBH, POR2, halide, NR2,

or two of a, b, c, d, e I, j, k.. 1, mand can be a cyclic fused ring or
an extended aromatic ring. ﬁjﬁ§5. The &ﬁj}phorous | i gand according to
claim1l1, wherein the |igand has Nhe | o g Structure: wherein X is 0,
or CH2; Y is a carbon-carbop=Rond, 2, dﬂ NR, where Ris an alkyl,
substituted al kyl, aryl or ti 1o @I aton are, independently,

H al kyl, aryl, substituted al kyl,
COOR, SOBR, SO3H, POR2, hal fden. Nk to n can be a cyclic fused
ring or an extended aromati iﬁb. : pﬁbs rous |igand according to
claim1, wherein the ligand has-Mhe f6llo structure: wherein X is O,
or CH2; and a, b, ¢, d, e, 1, K;jg, 1, mapd/n are, independently, H,

al kyl, aryl, substituted alkyl, substituted aryl, OR, OAr, SiR3, CF3, COOR,
SABR, SMBH, POR2, halide, NR2, or two of a, b, ¢, d, e, i,j, k, 1, mand n
can be a cyclic fused ring or an extended aromatic ring. 7. The
phosphorous |igand according to claiml, wherein the ligand has the
followi ng structure: wherein Xis 0, or CH2; and a to n are, independently,
H, alkyl, aryl, substituted al kyl, substituted aryl, OR OAr, SiR3, CF3,
COOR, SR, SM3H, POR2, halide, NR2, or two of a to n can be a cyclic fused
ring or an extended aromatic ring.

SUUStItUtei aryl, OR QAr, SIiR3, CF3,

9. A catalyst comprising a ligand and a transition metal salt, wherein the metal of
said metal salt is selected from the group consisting of: Fe, Zn, Mn, Co, Cu, Ag, Ni, Pt, Pd, Rh,

Ru and Ir; and wherein the ligand has the following formula:

wherein i, j, k, I, m and n are, independently, H, R, Ar, substituted Ar, OR, OAr, COOEt, halide,
SOzR, SO3H, SO,NHR, POR;, POAr, or NR,, where R is an alkyl, substituted alkyl, aryl or
substituted aryl and Ar is an aryl; X;-X4 are, independently, O, or CHy; and Y, Y"1, Y2, Y', Y3,
Y's, Ys, Y's, are, independently, R, Ar, OR, OAr, pyrrole or substituted pyrrole, or where R, Ar,
OR, OAr, pyrrole and substituted pyrrole are linked with a carbon to carbon bond, CH,, NH, NR

or O.
31




8. The phosphorous |igand according to claiml, wherein the |igand has the
follow ng structure: 9. A catalyst conprising a ligand and a
transition metal salt, wherein the netal of said netal salt is sel ected

fromthe groyp consi ?S %YS?Pgé?}afﬁé‘ghzﬁ?ﬂ%%gltﬁaggmon rh?tﬁ%'altl\g SCIeE:){ed fﬁ)(:rin Ihe .

and Jr; and wnhere n|,j,

k, 1, mandnare dAr COCEt
hal i de, ZXPROTEES © g%%%?%é Feg&?)é @L‘(q{l%g &%L N3 aﬂ?@?
substituted al kyl, aryl or substltuted aryl and Ar is an aryl; Xi-X4 are,

i ndependet®Ag). 0AZEr A&@Tﬂ (0¥, #¥gOAy PiClyFHNElg, PdpfDBAXR, Péll((éAc 2

i ndependently, R Ar, OR QAr, pyrrole or substltut ed pyn-ole, or where R
Ar, OR, Fa&tyROWIT, o[Rel(aillsrljcsyb@ﬁdPRgMed(RdthBDbzeXar(&thHDQétjz,V\/i(Rh(C@D)ézbmon to
carbon bond, CH2, NH, NR or O 10. The catalyst of claim9, wherein said
transi tiQpanag)x,s ec thFeRé}k%@ﬁ%QQch@ SthJ, NRU(PP

Fe (OT03( F(e(O %é I\/h(Oi(L?5 R!E:r‘(‘(é)'l' X3) én(d(a) ?)g%cg“(mc)z( %i
Ag(0Tf), 01I)2 Pt C12, H2Pt Cl4, 3 Pd(OAc

PAC12( RdN)( k(@@}( a|‘%'3i(F@b@Ph3Dd( PRY(AR)X 1%(%@&&‘; Phy)mn MB[&@P}’@OT)

(Rh( COD) C1)2 (Rh(COD) 2) X, Rh(acac)(C0)2, Rh(ethyl ene)2(acac)

( Rh( et hyReROPACOTIX, RG&(BRk8) 3Ru(COD),;, RuCly(COD), (Ru(COD)))X, RuXy(PN),

Rh( C0) 2C12, RuH( C0) 2( PPh3) 2, Ru( Ar) X2, Ru( Ar) X2( PPh3) 3, Ru( COD) ( COT) ,

Ru( COD) (#xd%) (% KR i % 2(PN),
RICL2( LG | PFo. 3) 5, TR a1 C1D. U GED) (et hel 1Y) 5 PR NBD) 5 5.

Qv §55)<%gbnfzd>§acac) @2)& o %@%@g %Pﬁ&@?%@ﬂ’%@ﬁg %5& oro2,
TP B oMo RS oS, PSR, ppebcsgeniont

group; and X is a counteranion, such as BF4 Cl104, OrIf, SbF6, CF3S03,

B( C6H3( GA3) Byad R{s indgpengently; seleyted fram GREREPIonsiEpe pf albHoHaCAotHGHEh, NDB
i's norbornadi ene; COD is cyclooctodiene; and COT is cyclooctotriene. 11.

The cat @9t gesporadiing 150 ac lceuntaranion, wiveh etsn Biae @1PansTHi hFeet@hSeal t is
selected fromthe group consisting of (Rh(COD)Cl)2, (Rh(CQOD)2 )X,

Rh( acac)K(CACFansl, RUHBL0) B(PRNS )50, ;; ABeisdHoCHCOOHFQHR,, taiRbsyst of
claim9 in a reaction, the nethod conprising m xing the catalyst of claim?9

with an naiw&e&eﬁ@c@@iletmctb@i@% b@COt iddpoadkigR, wherein the catalyst is
the catalyst in a reaction selected fromthe group consisting of hydro

fornylati on, isonerization-hydrofornylation, hydro-carboxylation, hydrae

yanation, isoferizath@nsd &5&&){% 2 LR 16NV BRABhARTELBY Bli:o Qeléc?éact i ons
of al kenes 13. The nmethod of clfaim 12, wherein the reaction is
hydr of orwgyl ahd OBroli®aEdukBihg of (RR(COD)Cl);, (Rh(COD)y )X, Rh(acac)(CO)z, and

RuH(CO)2(PPh3),.

12. A method of using the catalyst of claim 9 in a reaction, the method comprising
mixing the catalyst of claim 9 with an alkene to catalyze reaction of the alkene,

wherein the catalyst is the catalyst in a reaction selected from the group consisting of
hydroformylation, isomerization-hydroformylation, hydro-carboxylation, —hydrocyanation,

isomerization-formylation, and hydroaminomethylation reactions of alkenes.

13. The method of claim 12, wherein the reaction is a hydroformylation reaction.
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14. The nethod of claim 13, wherein the catal yst conprises a transition
netal salt selected fromthe group consisting of (Rh(COD)Cl)2, (Rh(CQD)?2)X,
Rh(acac) (C0) 2, and RuH(C0)2 (PPh3) 2.

14. The method of claim 13, wherein the catalyst comprises a transition metal salt

selected from the group conmsisting of (Rh(COD)Cl);, (Rh(COD)2)X, Rh(acac)(CO)), and

RuH(CO); (PPh3)).
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