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TITLE 
HYDROCY ANATION PROCESS AND MULTIDBNTATE PHOSPHITE 

ANDNICKELCATALYSTCOMPOSmONTHEREFOR 

flELPOFTHEINVENUON 

5 The invention relates to a process and catalyst composition for the 

hydrocyanati.on of monoethylenically unsaturated compounds wherein zero-valent 

nickel and a multidentate phosphite ligand are used in the presence of a Lewis acid 

promoter. 

BAC!{GROUNPOFTHEINVENT!ON 

10 Hydrocyanation catalyst systems, particularly pertaining to the hydro-

cyanation of ethylenically unsaturated compounds, are known in the. art. For 

example, systems useful for the hydrocyanation of butadiene to fcmn pentenenitrile 

(PN) and in the subsequent hydrocyanation of pentenenitrile to fonn adiponitrile 

(ADN), are known in the commercially important nylon synthesis field 

15. The hydrocyanation of ethylenically unsaturated compotmds using 

transition metal complexes with monodentate phosphite ligands is documented in . 
the prior art. See, for example, U.S. Patents 3,496,215; 3,631,191; 3,655,723; and 

3,766,237, and Tolman et al., Advances in Catalysis, 33, l, 1985. The 

hydrocyanation of activated ethylenically unsaturated compounds, such as with 

20 conjugated ethylenically unsaturated compounds {e.g., butadiene and styrene), and 

strained ethylenically unsaturated compounds (e.g., norbomene) proceeds without 

the use of a Lewis acid promoter, while hydrocyanation of unactivated 

ethylenically unsaturated compounds, such as 1-octene and 3-pentenenitrile, 

requires the use of a Lewis acid promoter. 

25 Teachings regarding the use of a promoter in the hydrocyanation reaction 

appear, for example, in U.S. Patent 3,496,217. This patent discloses an 

improvement in hydrocyanation using a promoter selected from a large number of 

metal cation compotmds with a variety of anions as catalyst promoters. U.S. 

Patent 3,496,218 discloses a nickel hydrocyanation catalyst promoted with various 

30 boron-containing compounds, including triphenylboron and alkali metal 

borohydrides. U.S. Patent 4,774,353 discloses a process for the preparation of 

dinitriles, including AON, from unsaturated nitriles, including PN, in the presence 

of a zero-valent nickel catalyst and a triorganotin catalyst promoter. Moreover, 

U.S. Patent 4,874,884 discloses a process for producing AON by the zero-valent 

35 nickel-catalyzed hydrocyanation of pentenenitriles in the presence of a synergistic 

combination of promoters selected in accordance with the reaction kinetics of the 

AON synthesis. 
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Phosphite ligands have been shown to be useful ligands in the hydro­

cyanation of ~ivated ethyleilically unsaturated compounds. ·See, for example, 

Baker, M. J., and Pringle, P. G., 1. Chem~ Soc., Chem. Commun., 1292, 1991; 

Baker et al., J. Chem~ Soc., Chem. Commun., 803, 1991; Union Carbide, 

5 WO 93,03839. Also, phosphite ligands have been disclosed with rhodium in the 

hydrofonnylation of functionalized ethylenically umattirated compounds: see, 

Cuny et al., J. Am. Chem. Soc;; 1993, 115, 2066~ 

The present invention provides a novel process and catalyst precursor 

complex which is more rapid, selective, efficient and stable than current processes 

10 . and catalyst complexes euiployed in the hydrocyanation of monoethylenically 

unsaturated.compounds. Other objects and advantages of the present invention 

will become apparent to those skilled in the art upon reference to the detailed · 

description.of the invention which hereinafter foll(>ws. 

SUMMARY OP THE JNYIBNTION 
15 The piesent invention proVides a hydrocyanation process, comprising 

reacting an acyclic, aliphatic, monoethylenically urisaturated compound in which .. 
the ethylenic double bond. is not conjug8ted ·to any other olefinic group in the 

molecule, or a monoethylenically unsaturated compound in vihiCh the ethylenic 

double bQnd is conjugated to an organic ester group,-With a source of HCN in the 

20 presence of a catalyst precursor composition comprising a Lewis acid, a zero­
valent nickel, and· at least one multidentate phosphite ligand selected from the 

group represented by the following Formulas I, Il, DI, IV, V, VI, and VD, in 

which all like reference characters have the same meaning, except as further 

explicitly limited 

. FomuJal PomulaD 
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FomulaVll 

wherein 

each RI is independently, H, halogen, a Ct to C6 alkyl, or OR3 whereinR3 is a 

Ct to C6 alkyl; 

each R 2 is independently a secondary or tertiary hydrocarbyl of 3 to 6 carbon 

5 atoms; 

each R 2i is independently H, halogen, OR 3 wherein R3 is a c1 to c6 alkyl or a 

primmy, secondary or tertiary hydrocarbyl of 1 to 6 carbon atoms; for 

Fonnulas II, m, IV, VI and VII, R2' is at either the meta or para position to 

the oxygen; 

10 each R5' is independemty Hor a primary or secondmy hydrocarbyl of 1 to 3 

carbon atoms in either the ortho or meta position to the oxygen or C02R3' 
wherein R3' is a C1 to C4 alkyl; and 

each Xis independently 0 or CH(R4'), wherein R4' is H, a substituted phenyl, or 

a Ci to C6 alkyl; 

15 with the proviso that the terms usecondary" and "tertiary" here.in refer 

to the carbon atom bonded to an aromatic ring; 

and with the further proviso that in Formulas I, II,· and V at least one 

R2 cannot be a tertiary hydrocarbyl.. 

In the above catalyst compositions, the Lewis acid is considered to be a 

20 promoter. 

The present invention further provides a catalyst composition consisting 

essentially of zero-valent nickel and at least one multidentat~ phosphite ligand 

selected from one ofFonnulas I, D, m, IV, V, VI and VII, as defined above. 
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PET.film) bESCRIPTIOJ-f OF THE PREFERRED BMBODIMENTS 
Representative ethylenically unsaturated compounds which are useful in the 

process of this invention are shown in Formulas VIII or X, and the corresponding 

terminal nitrile compounds produced are illustrated by Formulas IX or XI, 

5 respectively, wherein like reference characters have same meaning. 

Catalyst 

Cll3-(0l2>y-CH Ol-(Cll2)rR4 

FomuJavm 

Co .. 
llJ>OSiUOD NC-(CHl>y+Jlfo:r :a4 

Promotor, HCN 
FomlllaJX 

or 

Catalyst 
Co osilioD . 

CHFCH-CCH1)x-:a4 °" NC-COl:z»>rR4 
Promotor, HCN 

Fomula X FomuJa XI 

wherein 
4. s. . . 

R JS H, CN, C(hR , orperfluoroalkyl; 

y is an integer of 0 to 12; 

10 xis an integer ofO to 12 when R4 is H, CQ:zRS orperfluoroalkyl; 

x is an integer of 1 to 12 when R4 is CN; and 

RS is alkyl. 

One of the ligands useful in the catalyst compositions of the present 

invention is illustrated above by Formula I, as defined. Alkyl groups in Formula I 

15 can be either straight chain or branched. When R 1 is OR 3, R 3 can be primary, 

secondmy or tertiary; examples include methyl, ethyl, isopropyl and t-butyl. In the 

preferred ligand, bOth R 1 groups are H, methoxy groups, .or chlorine. As stated in 

the definitions of the reference characters, all of the R 2 groups in Formula I cannot 

be tertiary hydrocarbyls; see Comparative Example 3 for Ligand "A2". The term 

20 "hydrocarbyl" is well .known to the art and designates a hydrocarbon molecule 

from which one hydrogen atom has been removed. Such structure can contain 

single, double, or triple bonds. In the preferred Formula I ligand, R 2 in each 

occurrence is isopropyl, R 1 is methoxy, and· RS' is hydrogen. In Formula II, X 

preferably is CH(Bt), where Et stands for ethyl, R 2 in each occurrence is isopropyl, 

25 R2' is hydrogen, and each one of R 1 and RS' is methyl, where each RS' is in a 

position ortho to the oxygen atom. Again, all of the R 2 groups cannot be tertiary 

hydrocarbyls; see Comparative Example 13 for Ligand "12~. In the preferred 

Formula m ligand, each R2 is isopropyl, each R2' is hydrogen, Xis CHR4', where 

R4' is 4-methoxyphenyl, and each RS' is hydrogen. In the preferred Formula IV 

s 
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ligand, ~h R 2 group is isopropyl, and each R 2' and ~s· is hydrogen. In the 
prefened Formula V ligand, each R 2 group is isopropyl; each R2' group is para to 
R 2 methyl with the other R2' being hydrogens and~ RS' is hydrogen. In the 
preferred Formula VI lig.m, each R 2 group is isopropyl, each R2' is hydrogen, and 

5 each RS' is hydrc>gen. In the preferred Formula VlI ligand, each Rl group is 
isopropyl,. and each R 2' group is hydrogen and each R.s· group is hydrogen. 

The catalyst composition of the invention may be considered a "precursor'' 
composition in that the zero-valent niclcel at' some p()int becomes complexed to the 
multidentate phosphite ligand, and, further in all likelihood, additional reactions 

10 occur during hydrocyanation, such as, ~r example, complexing of the initial 
catalyst composition to an ethylenically unsaturated compound. 

These ligands can be prepared by a variety of methods known in the art, for 
example, see descriptions in European Patent Appli~ 92109599.8 of 
Mitsubishi Kasei Coipotation and the corresponding U.S. Patent 5,235,113 to Sato 

15 et al. The reaction of 2-isopropylphenol with phosphorus ttichloride gives the 
phosphorochloridite. The reaction of this phosphorochloridite with 2,2'-dihydroxy-
5,5'-dimethyoxy-l,1'-biphenyl in the piesence of triethylamine gives the above­
identified prefetred ligand of Formula I. 

The zero-valent nidcel compounds can be piepared or generated according 
20 to techniques well known. in the art, as .cfescribed,. for ex21JDpl~, in U.S. Patents 

3,496,217; 3,631,191; 3,846,461; 3,847,959; and 3,903,120, which are 
incorporated herein by reference. Zero-valent nickel compounds that contain 

. ligands which can be displaced by the organophosphorus ligand are a prefemd 
source of zero-valent nickel. Two such preferred zero-valent nickel compounds 

25 are Ni(COD)2 (COD is 1,S-cyclooctadiene) and Ni{P(()-o-C6ff4CH3)3)2(C2J14), 
both of which are known in the art. AltemativeJ.y, div~ent nickel c~ may 
be combined with a redµcfng agent, to.serve as a source. of zero-valent nickel in the 
reaction. Suitable divalent niclceJ. compounds incl~ compounds of the formula 
NiY 2 where Y is halide, carboxylate, or acetylaceton&te. Suitable reducing agents 

30 include metal borohydrides, metal aluminum hydrides, metal alkyls, Zn, Fe, Al, Na, 
or Hz. .Elemental nickel, preferably ni~ powder, when combined with a 
halogenated cataylst, as described in U.S. Patent 3,903,120, is also a suitable 
source of zero-valent nickel. 

The nonconjugated acyclic, aliphatic, monoethylenically unsaturated 
35 starting materials useful in this invention include Wl$anmtted organic compounds 

containing from 2 to approxU;nately 30 carbon atoms. 3-pentenenitrile and 4-
pentenenitrile .are especially prefelred. As a pmctical :ID~' when the 
nonconjugated acyclic aliphatic monoethylenically unsaturated compounds are used 
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in accordance ~iffi:this invention, up to about 109& by weight of the mono­

ethylenically .unsaturated compound may be present in the·form of a conjugated 

isomer, which itself may undergo hydrocyanation. For example, when 3-pentene­

nitrile is used, as much as 10% by weight thereof may be 2-pentenenitrile. (As 

5 used herein, the tenn "pentenenitrile" is intended to be identical with 

"cyanobutene "). Suitable unsaturated compounds include unsubstituted 

hydrocarbons as well as hydrocarbons substituted with groups which do not attack 

the catalyst, such as cyano. These unsaturated compounds include 

monoethylenically unsaturated compounds containing from 2 to 30 carbons such as 

10 ethylene, propylene, butene-I, pentene-2, hexene-2, etc., nonconjugated 

diethylenically unsaturated compounds such as allene, substituted compounds such 

as 3-pentenenitrile, 4-pentenenitrile, methyl pent-3-enoate, and ethylenically 

unsaturated compounds having perfluoroalkyl substituents such as, for example, 

CzF2z+l' where z is an integer of up to 20. The monoethylenically unsaturated 

15 compounds may also be conjugated to an ester group such as methyl pent-2- · 

enoate. 

The starting ethylenically uns&turated compounds useful in this invention 

and the hydrocyanation products thereof are those shown above in Formulas VDI 

through XL Those of Formula VID yield tenninal nitriles of Formula IX, while 

20 those of Formula X yield terminal nitriles of Formula XI. 

Prefe!red are nonconjugated linear alkenes, nonconjugated linear alkene­

nitriles, nonconjugated linear alkenoates, linear alk-2-enoates and perfluoroalkyl 

ethylenes. Most preferred substrates include 3- and 4-pentenenittile, alkyl 2-, 3-, 

and 4-pentenoates, and CzF2z+1CH=CH2 (where z is 1 to 12). 

25 The preferred products are tenninal a1kanenitriles, linear dicyanoalkylenes, 

linear aliphatic cyanoesters, and 3-(perfluoroalkyl)propionitrile. Most preferred · 

products are adiponitrile, alkyl 5-cyanovalerate, and CzP2z+1CH2CH2CN, where z 

is 1 to 12 . 

. The present hydrocyanation process may be carried out, for example, by 

30 charging a reactor with the reactants, catalyst composition, and solvent, if any; but 

preferably, the hydrogen cyanide is added slowly to the mixture of the other 

components of the reaction. Hydrogen cyahide may be delivered as a liquid or as a 

vapor to the reaction. Another suitable technique is to charge the ~actor with the 

catalyst and the solvent to be used, and feed both the unsaturated compound and 

35 the HCN slowly to the reaction mixture. The molar ratio of unsaturated 

compound to catalyst can be varied from about 10: 1 to about 2000: 1. 

Preferably, the reaction medium is agitated, for example, by stirring or 

shaking. The reaction product can be recovered by conventional techniques such 

7 



W096/11182 PCT/US95/12214 

as, for example, by distillation. The reaction may be run either batchwise or in a 
contmuous matmer. 

The hydrocyanation reaction can be carried out with or without a solvent. 
The solvent, if used, should be liquid at the ·reaction temperature md pressure md 

S inert towards the unsaturated compound and the catalyst. Suitable solvents include 
hydrocarbons, such as benzene or xylene, and nitriles, such as acetonitrile or 
benzonitrile. In some cases, the unsaturated compound to be hydrocyanated may 
itself ser1e as the solvent. 

The exact temperature· is dependent to a certain extent on the particular 
10 catalyst being used, the particular unsaturated compollnd being used and the 

desired rate: Nonnally, temperatures of from -25°C to 200°C can be used, the 
range of 0°C to 150°C being preferred. 

Atmospheric pressure is satisfactory for.carrying out the present invention 
and hence pressures of from about 0.05 to 10 atmospheres (50.6to1013 kPa) are f ' 

15 prefCIIed. Higher pressures, up to 10,000 kPa or more, can be used, if desired, but 
any benefit that may be obtained thereby would probably not justify the increased 
cost of such operations. 

HCN can be :introduced to the reaction as a vapor or liquid. As an 
altemative, a cyanohydrin can be used is the source of HCN. See, for example, 

20 U.S. Patent 3,655,723. 

The process of this invention is cmied out in the presence of one or more 
Lewis acid J>l'ODlOtel'S which affect both the activity and the selectivity of the 
catalyst system. The promoter may be an inorganic or organometallic compound 
in which the cation is selected from scandium, titanium, vlnadium, chromium, 

25 manganese; iron, cobalt, copper, zinc,· boront aluminum, yttrium~ zirconium, 
niobium, molybdenum, cadmium,lhenium· and tin.. Examples include ZDBri, Znl2, 

Zn02, ZnS04, C1l02. Cua, Cu(03SCF3)2; Coa2, CoI2, FeI.2, FeC13, 
Fe02(THF)2, TiC4(THF)2, TiC4, TiC13, OTI(OiPr)3, MnC.2, ScC13, Al03, 
(CsH17)AlC2, (CsH11>2AlC, (iso-C4H9)2AIC, Ph2AIC, PhAIC2, ReCls, ZrC4. 

30 ?o{b(l5; 'V'Cl3,CrC12,}doOs, "Y'C13,c=dC12,:LaC13,J!r(C>3SCP3)3, ~<>l(:CF3)3, 
SmC13, B(C6H5)J, TaCls. Suitable promoters are further described in U.S. Patents 
3,496,217; 3,496,218; and 4,774,353. These include metal salts (such as ZnC2, 
Col2, and SnC12), and organometallic compounds (such as·RAia2. R3Sn03SCF3, 
and R3B, where R is an alkyl or arylgroup). U.S. Patent 4,874,884 describes how 

35 synergistic combinations .ofpromoters can be chosen to increase the catalytic 
activity of the catalyst syStem. Preferred promOters include CdC12, ZnC12t 
B(C6ffs)3, and (Cc;ff5)3SnX, where X = CF3S03, CH3Q;H5S03, or (C6ffs)3BCN. 
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The mole ratio of:promoter to nickel present in the reaction can be within the range 

of about 1:16 to about 50:1. 

EXAMPLES 
The following non-limiting, representative examples illustrate the process 

5 and catalyst compositions of this invention. All parts, proportions, and 

percentages are by weight, unless otherwise indicated In each example, the 

following procedure was used unless otherwise noted. 

The mixtures were heated in a thennostatically controlled oil bath. HCN 

was delivered to the flask as an HCN/N2 gas mixture by bubbling dry nitrogen 

10 canier gas through liquid HCN maintained in an ice bath at 0°C. This provided a 

vapor stream which was about 35% HCN (vo]/vol). Samples were periodically 

analyzed by gas chromatography (GC). In the examples, ADN stands for 

adiponitrile, MGN stands for 2-methylglutaronitrile, and ESN stands for 

ethylsuccinonitrile. COD stands for bis(l,5-cyclooctadiene) and 1HF stands for 

15 tettahydrofuran. 

EXAMPLE! 

Ligand "A" 

To a solution of2.0 g ofphosphochloridite derived from P03 and 

20 2-isopropylphenol in 20 ml of toluene was added 0.55 g.(2.95 mmoles) of 

2,2'-biphenol and 1.1 g (10.9 mmoles) ofNEt3 in 20 ml of toluene. After stirring 

ovemight under nitrogen, the mixture was filtered through Celite~ (a product of 

Johns-Manville Company), and washed with toluene. The remaining solvent was 

removed in a rotary evaporator. Thus was pbtained 2.163 g of product as an 

25 opaque liquid. 31p (lHJ (121.4 MHz, C61>6): 130.96 ppm. lff (300 MHz, 

C@>6): 7.51(d,J=8Hz, 2H), 7.39(dd,J=1.6, 7.5 Hz, 2H), 7.2-6.9 (m, 20H), 

3.43 (septet, J = 6.9 Hz, 4H), 1.19 (d, J = 6.9 Hz, 24H) along with a small amount 

of toluene. HRMS (High Resolution Mass Spectroscopy) calculated for 

CisHs2<>6P2: 786.3239; Found: 786.3208. 
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EXAMPLEIA- · 

Hydrocyanation of 3-Peiitcnenitrile 

with IJiand "A11/Ni(COD)2; Zn02 promoter 

342 mg of Ligand "A" and 40 mg Ni(COD)2 were dissolved in S ml 1HF. 

S The solvent. was removed by vacuum evaporation and 5 ml of 3PN (3-pentene­

nitrile) and 20 mg of Zn02 were added. The mixture was treated with HCN at a 

nitrogen carrier gas flow rate of 12 nil/min at S0°C for 15 minutes. After this time, 

the temperature controller was set at 60°C. At 15 minute intervals, the 

temperature was increased to 70, 80, and 100°C. Fifteen minutes after a 

10 temperature of 100°C was set, GC analysis indicated 46.7% ADN, 8.0% MGN, 

and 1.0% ESN. 

EXAMPLBlB 

Hydrocyanation of.3-Pentenenitrile 

with Ligand "A"/Ni(COD)2; ~Clz promoter 

IS Ligand "A", 332 mg, and 40 mg ofNi(COD)2 were dissolved in S ml of 

20 

TIIF. The solvent was nmoved by va~uum evaporation; then, 5 ml of 3PN and 

20 mg of Zn02 were added. The mixture was _treated with HCN with·a nitrogen 

carrier gas flow rate of 12 ml/min at 70°C for 2 hrs. ac analysis indicated 70.0% 

. ADN, 11.6% MON and 1.490 ESN (selectivity to ADN: 8490). 

EXAMPLElC 

Hydrocyanation of 3-Pentenenitrile 

with Ligmd "A"JNi(COD)z Zn02 promoter 

Ligand ;'A", 330mg, and40mg ofNi(COD)2 were dissolved in5 ml of 

THF. The solvent was removed by vacuum evaporation, and S ml of 3PN and 

25 20 mg of Zn02 were added. The mixture was treated with HCN with a nitrogen 

carrier gas flow rate of 30 ml/min at 70°C for one hour. After this time, GC 

malysis indicated 26.4% ADN, 4.S% MGN and 0.6% ESN (selectivity to ADN: 

84). 

10 
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EXAMPLB2 

lipDd"B" 

2,2'-Dihydroxyl-S,S'-dimethyoxy-1,1'-biphenyl was prepared by the 

S dealkylation of 2,2'-dihydroxy-3,3'-di-t-butyl-S,5'-dimethoxy-1,1'-biphenyl using a 

procedure described in the literature (Tashiro et al., Organic Preparations and 

Procedures ~t., 8, 263, 1976). Ten grams of AlC13 and 10 g of2,2'-dihydroxy-

3,3'-di-t-butyl-S,s'-dimethoxy-l,l '-biphenyl were mixed in 12S ml of benzene and 

heated at 40°C for 3 hours. The mixture was cooled in ice, and 12S ml of 10% 

10 aqueous HO was added slowly. The organic layer was separated and washed with 

three 125-ml portions of 10% NaOH. The basic solution was neutralized with 

concentrated HCI and extracted three times with 100 ml portions of ether. The 

ether layer was dried over Na2S04. After filtering and removing the solvent by 

vacuum evaporation, the brown oil was washed with hexane; the product 

15 crystallized from CH202/hexane, yielding 2.202 g of 2,2'-dihydroxyl-5,5'­

dimethyoxy-l,l'-biphenyl, which was obtained as a white solid. lff (300 MHz, 

CD202): 6.9-6.8 (m, 6H), 5.71(s,2H), 3.78 (s, 6H). 

To 2 g of phosphochloridite derived from PC13 and 2-isopropylphenol in 

20 ml of toluene was added~ mg of the 2,2'-clihydmxy-5,S'-dimethyoxy-l,1'-

20 biphenyl prepared above and 1.01 g of NBt3 in 20 ml of toluene. The mixture was 

stirred overnight and fdtered through Celite®, and washed with toluene. The 

solvent was removed to give 2588 g of the desired product as an orange oil. 

31p { lH} (121.4 MHz, Cc;Dc;): 131.41. lff.NMR. (Nuclear Magnetic Resonance) 

(C6l)c;): 7.4-6.4 (22H), 3.3 (m, 4H), 3.1(s,6H), 1.0 (m, 24H) along with a small 

25 amount of toluene. FBMS (Fast Atom Bombardment Mass Spectroscopy): 

calculated M-OCH3: 815.36; Found: 815.07. 

n 
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EXAMPLB2A 

Hydrocyanations of 3-P•enenitrile 

with Ligand "B"JNi(o-TIP)2(C:zH4)~ 

where o-TrP is P(O-o-C6ff4CH3)3; z.na2 promoter 
5 Ligand ·"B ", 346 mg, 0.111 g of Ni(o-TTP)2(C:zH4), and 20 mg of Za02 

10 

were dissolved in 5 ml of 3PN. The mixture was, treated with HCN at a nitrogen 

carrier gas flow rate of 30 ml/min at 70°C for one hour. OC analysis indicated 

61.2% AON, 9.9% MON and 1.3% ESN (selectivity to AON: 84.5%). 

COMPARAllVE EXAMPLES 3-4A 

BIPBENOL BACKBONE 

COMPARATIVE EXAMPLE 3 
Synthesis of the Ligand of Formula I where all R2 are t-butyl, 

at-butyl group is meta to each R2, and Rl and RS are H (Ligand "A2") 

ligand "A'Z' 

To 3.8 g of the chlorodite derived ftOm PQ3 and 2,4-di-t-butylphenol in 
15 20 ml of toluene there was added 0.75gof2,2'-biphenol and 0~809 g of NEt3 in 

20 ml of toluene. The mixture was stirred overnight and then filtered through 

Celite® and washed with toluene. The solvent wa8 removed in a rotary 

evaporator. The residue was washed with acetonitrile, and filtered to give 1.381 g 
of the product as a white solid. 31p (lH) (121.4MHz, Cc;D§): 132.46 ppm. 

20 Also, small peaks at 161.57 and 139.88 due· to impurities. 
COMPARATIVE EXAMPLE 3A. 

Hydrocyanation using Ligand "A2" and Ni(o-1TP)2(C#Lt) 

Ligand"A2", 448 mg, and 0.111 g ofNi(o-TIP)2CC2ff4) and 20 mg of 

Zn02 were dissolved in 5 ml of 3PN. The miXture was treated with HCN at a 

25 nitrogen c~ gas flow rate of 30 ml/min at 70°C for one hour. OC analysis 

indicated 0.0% ADN, 0.05% MON and 0.1 % ESN. 

COMPABAllYE EXAMPLE 3B 

Hydrocyanation using Ligand "A2"and Ni(COD)2 

Ligand "A2", 452 mg, 0.040 g ofNi(COD)2, and 20 mg ofZn02 were 

30 dissolved in 5 ml of 3PN. The mixture was treated with HCN at a nitrogen carrier 

12 
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5 

gas flow rate of ~tl~min at 700C for one hour. de analysis indicated 0.0% 

ADN, 0.0% MGN, and 0.1 % BSN. 

COMPARATIVE EXAMPLE 4 

Synthesis of the Ligand of Formula I where 

R 2 is -CH3 and R 1 and R'' are H (ligand "A3") 

,< (q . ~ > 
~()"'P, ,P,~ 6--6 }--J 

1Jgand"A3" 

The phosphachloridite was prepared in the usual manner by the reaction of 

P03 with o-cresol 8t 0°C in toluene, followed by fractional distillation at reduced 

pressure. It (1.85 g; 6.6 mmol) was dissolved in toluene (30 ml), and the solution 

was cooled to 0°C. Triethylamhie (3 ml) was added, followed by 2,2'-biphenol 

10 (0.56 g, 3.0 mmols). The mixture was stirred ovemight at room temperature. The 

solids were filtered, and the solvent was removed at a reduced pressure to give 

2.26 g of an lightly orange-colored liquid. 31p NMR (CD03): 8 133.1. Also, 

smaller peaks at 144.5, 131.2, and 3.2 due to impurites. lff NMR also indicated a 

small amount of Et3N/salts. 

15 COMPARADVE EXAMPLE 4A 

ffxdrocyanation using I.igand "A3" 
ligand "A3", 346 mg, 0.111 g of Ni(o-1TP)2(C2ff4), arid 20 mg ofZn02 

were dissolved in 5 ml of 3PN. The mixture was treated with HCN at a nitrogen 

carrier gas flow rate of 30 ml/min at 70°C for one hour. GC analysis indicated 

20 0.0% ADN, 0.05% MON and 0.0% ESN. 

13 
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EXAMPLES 
Synthesis of th~ ligand of Fonnula Il where Cach R2 is isopropyl, 

each R 1, R 2' and RS' is H, and Xis -CH2- (Ligand "C") 

~ p :'o-0 ,. ~ 
ligand "C' 

To 2 g of the phosphochloridite derived from PC13 with 2-isopropylph~l 

5 in 20 ml of toluene. there was added 595 mg of bis(2-hydroxyphenyl)metbane and 

1.01 g of NEt3 in 20 ml of toluene. The miXture was stined o\Pernight, filtered 

through Celite~, and washed with toluene. The solVent was removed,·to give 

2.514 g of the desired product as a pale yellow oil. 31p ( lH} (121.4 MHz, C6l>t>): 

131.33. lff NMR (C6D6): 4.11 (s, 2H), 3.2 (m, 4H), 0.98 (d, 24H) along with 
. . . . 

10 · aromatic resonances and a little toluene. HR.MS: calculated CJgll'406P2: 

800.3396; Found: 800.3017. 

EXAMPLE SA 

Hydrocyanation of 3-PenteDenitrile with 

Ligand "C"/Ni(o-TI'P)2(Ciff4); ZnCh promoter 

15 Ligand "C", 337 mg, 0.111 g of Ni(o-1TP)2(C2f4), and 20 mg of ZnC12 

were dissolved in S ml of 3PN. The mixnm: was treated with HCN at a nitrogen 

Bow rate of 30 mJ/min at 70°C for one hour. GC analysis indicated 52.4% ADN, 

11.3% MGN and 1.6% ESN (selectivity to ADN: 80%). 

14 
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EXAldPLE6 

Synthesis of the ligand of Formula Il -

where each R 2 is isopropyl, each R2' is H, each · 

Rl and RS' is -CH3, and Xis -C(H)(CH3)- (Ligand "D")) 

~· 

p~ ,P, 
0 ~ ' 

,~ 

4 

ligiDd "D" 

5 To 2 g of the chlorodite derived from P03 and 2-isopropylphenol in 20 ml 

of toluene there was added 803 mg of 2,2'-ethylidenebis( 4,6-ctimethylphenol), 

prepared according to Yamada et al., Bull. Chem. Soc. Jpn., 62, 3603 (1989), and 

0.900 g of NEt3 in 20 ml of toluene. The mixture was_stiired overnight, filtered 

through Celite®, and washed with toluene. The solvent was removed to give 

1 O 2.603 g of the desired product as a very light-yellow oil. 31p {lH} (121.4 MHz, 

C606): 133.53. Also, minor peaks due to impurities at 133.19, 131.25 and 

130.36, 127.59and105.81 ppm. FBMS calculatedforM + H: 871.43; Found: 

871.40. 

EXAMPLE6A 

15 Hydrocyanation of 3~Pentenenitrile 

with Ligand "D"/Ni(COD)i; Zn02 promoter 

Ligand "D", 366 mg, 0.040 g of Ni(COD)2. and 20 mg of Zn02 were 

dissolved in 5 ml of 3PN. The mixture was treated with HCN at a nitrogen flow 

rate of 30 m1/min at 70°C for one hour. GC analysis indicated 55.6% ADN, 7.8% 

20 MGN and 1.4% ESN (selectivity to ADN: 86% ). 

15 
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BXAMPLE7 
Synthesis of the ligand of Fonnula D where each R 2 is isopropyl, 

R 2' is methyl, R 1 and RS' are H, and Xis -CH2- (Ligand "E") 

H-< >--P-
p q p 

I _..P, ,P,,._-(, 
~ v 0 0 .,.. 

()'() 
Ligand"E" 

To 2 g of the chlorodite derived from PQ3 and thymol in 20 ml of tolu~e 

5 there was added 549 mg ofbis(2-hydroxyphenyl)methane and 0.910 g of NBt3 in 

20 ml of toluene. The mixture was stiried oveiDight, filtered through Celite•, and 

washed with toluene. The solvent was removed to give 2~379 g of the desired 

product as a ¥t yellow oil. 3lp ( lH} (121.4 MHz, C61>6): 131.69. Also, minor 

peaks due to impurities at· 132.24 and 130.9. FBMS: calculated C53H6206P2: 

10 856~41; Found: 855.63. 

EXAMPLE·7A 

Hydrocyanation of 3-Pentenenitrile with 

Ligand "E" /Ni(COD)z; Zn02 promOter 
Ligand "E", 360 mg, and 0.040 g of Ni(COD)2 were dissolved in 5 ml of 

15 THF. The solvent was removed, and 20 mg of Zn01andSmlof3PN were 

added. The mixture was treated with HCN at a nitrogen Bow rate of 30 ml/min at 

70°C for one hour. GC analysis indicated S.8% ADN, 1.4% MGN and 0.2% ESN 

(selectivity to ADN: 789&). 

20 
EXAMPLE?B 

Hydrocyanation of 3-Pentenenitrile with 
Ligand "E"/Ni(C0D)2; Z.002 promoter 

Ligand "E", 360 mg, 40 mg ofNi(COD)2 were dissolved in 5 ml oflHF. 

The solvent was removed by vacuum evaporation. To the residue was added 5 ml 

of 3PN and 20 mg of Zl.102. The mixture was treated with HCN at a nitrogen 

25 flow rate of 12 ml/min at 70°C for two hours. GC analysis indicated 27.4% AON, 

5.3% MGN, and 0.7% ESN (selectivity toADN: 82.1%). 

16 
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EXAMPLES 

Synthesis of the ligand of Formula II where each R2 is isopropyl, 

each R 1 is a, R 2' and RS' are H, and Xis -CH2- (Ligand "F") 

Q-< 
ifP,O 2-
0 

I~ 

a a 
ligand "F' 

To 2 g of the phosphochloridite derived from P03 arid 2-isopropylphenol 

5 in 20 ml of toluene there 'Was added 799 mg of 2,2'-methylenebis(4-chlorophenol) 

and 900 mg of NEt3 in 20 ml of toluene. The miXture was stirred ovemight, 

filtered through Celite®, and washed with toluene. The solvent was Ie1Doved, to 

give 2.678 g of the desired product as alight-yellow opaque oii.. 31p { lH} 

(121.4 MHz, C6D6): 131.6. lff NMR (C6D6): 4.16 (s, 2H), 3.51(m,4H), 1.3 

10 (d, 24H) along with aromatic resonances and a little toluene. FBMS: calculated 

M+H: 869.27; Found: 868.96. 
EXAMPLE8A , 

Hydrocyanation of 3-Pentenenitrile with 

Ligand "F'/Ni(o-TIP)2(C2ff4); Zn02 promoter 

15 Ligand "F", 337 mg, 0.111 g ofNi(o-TI'P)2(C:zH4), and 20 mg ofZn02 

20 

were dissolved in 5 ml of 3PN. The solution was treated with HCN at a nitrogen 

flow rate of 30 mJ/miD at 70°C for one hour. After this time, GC analysis indicated 

23.6% ADN, 5.3% MGN and 1.2% ESN (selectivity to ADN: 79%). 

EXAMPLE BB 
Hydrocyanation of 3-Pentenenitrile with 

Ligand "F"/Ni(COD)2; Zn02 promoter 

Ligand "F", 365 mg, 40 mg ofNi(COD)i were dissolved in 5 ml ofTHF. 

The solvent was removed by vacuum evapoi:ation. To the .residue was added S ml 

of 3PN and 20 mg of Zn02. The mixture was treated with HCN at a nitrogen 

25 flow rate of 12 ml/min at 70°C for two hours. GC analysis indicated 51.4% AON, 

11.5% MGN, and 2.4% ESN (selectivity to ADN: 82.6%). 

17 
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EXAMPLE2 
Synthesis of the ligand ofFomiula JI where each R2 is isopropyl; each R 2' 

para to R 2 is methyl; e8ch R 1 is Cl, each RS' is H; and X is -CH2- (Ligand "0") 

~ q 
o'P'o 

a a 
lipnd"G' 

To 1.42 g of the chlorodite derived from P03 and 2-isopropylphenol in 
S 20 ml of toluene there was 8dded 523 mg of 2,2'-methyleiiebis(4-chlorophenol) and 

0.607.g ofNEt3 in 20 ml of toluene. The mixture was stirred 0vemight, filtered 

through Celite•, and washed with toluene. The solvent was removed to give 

2.07 g of the desired product as a· colotless oil. 31p ( lH) (121.4 MHz, C61>6): 

131.87. FBMS: calculated M + H (M = C53ff6o0@>202.): 925.33; Found: 

10 925.25. 

BXAMPLB9A 

Hydrocyanation of 3-Pentenenitrile with 

Ligand· "G"/Ni(COD)i ZnCI2 promoter 
Ligand "O", 389 mg, and 40 mg ofNi(COD)2 were dissolved in S ml of 

15 nlF. The solvent was removed, and 5mlof3PN and 20 mg ofZn02 were 

added. ·The mix~ was treated with HCN at a nitrogen cmier gas flow rate of 

30 ml/min at 70°C for one hour. GC analysis indicated 6.1 % ADN, 1.7% MON 

and 0.25% ESN (selectivity to ADN: 76%). 

20 

·EXAMPLE9B 

Hydrocyination of 3-Pentenenitrile with 

Ligand "G"/Ni(COD)2; ZnC12 promoter 
Ligand "G", 389 mg, 40 mg of Ni(COD)2 were dissolved. in S ml of THF. 

The solvent was removed by vacuum evaporation. To the residue was added S ml 

of 3PN and 20 mg of ZnC12. The mixture wis treated with HCN at a nitrogen 

25 flow rate of 12 mJ/min at 70°C for two hours. GC analysis htdicated 21.2% ADN, 

3.1 % MON, and 0.5% ESN (selectivity to ADN: 82.7%). 

18 
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EXAMPLElO 

Synthesis of the Ligand of Fonnula m, where each R2 is isopropyl, 

. each R2'and RS'is H, and Xis -CH(p-methoxxphenyl)- (Ligand "H") 

OMe 

Ligand"H" 

To 2 g of the chlorodite derived from P03 and 2-isopropylphenol in 20 ml 

S of toluene was added 1.207 g of commercial p-anisylidene l,l '-(bis(2-naphtbol) 

and 1.01 g of NEt3 in 20 ml of toluene. The mixture was stirred oveµiight, filtered 

through Celite®, and washed with toluene. The solvent was removed, to give 

2.916 g of the desired product as a light-yellow oil. 31p { lH) (121.4 MHz, 

C61>6): 130.10. Also, a minor peak due to an impurity at 132.52 ppm. 

10 EXAMPLElOA 

HydrOcyanation using Ligand "H" 

Ligand "H", 423 mg, 0.040 g of Ni(COD)2, and 20 mg ofZn02 were 

dissolved in S ml of 3PN. The mixture was treated with HCN at a nitrogen flow 

rate of 30 ml/min at 70°C for one hour~ OC analysis indicated 16.9% ADN, 2.8% 

15 MON and 0.5% ESN (selectivity to ADN: 83%). 

EXA:MPLE lOB 

Hydrocyanation using Ligand "H" 

Ligand "H", 423 mg, 40 mg of Ni(COD)2 were dissolved in S ml of THF. 

The solvent was removed by vacuum evaporation. To the IeSidue was added S ml 

-20 of 3PN and 20 mg of Zn02. The mixture was treated with HCN at a nitrogen 

flow rate of 12 ml/min at 70°C for two hours. GC analysis indicated 3~.8% ADN, 

6.6% MGN, and 1.0% ESN (selectivity to ADN: 82.6%). 

19 
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EXAMPLE II 
Synthesis of the Ligand of Fmmula n where each R 2 is isopropyl; each R2' 

para to R 2, Rl and RS' is methyl;, and Xis -CH(CH3)- (Ligand "I") 

Ligand "I" 

To 2 g of the chlotodite derived from P03 and thymol in 20 ml of toluene 

5 there was added 0. 741 g of 2,2'-ethylidenebis(4,6-c:limethylphenol), prepared . 

according to Yamada et al.~ Bull. Chem. Soc. Jpn., 62, 3603 (1989), and 1.0 g of 
. ; . . 

NEt3 in 20 ml of toluene. The miXture was stiired ovemigbt, filtered through 
Celite®, and washed"with tOluene. The solvent removed to give 2.427 g of the 
desired product as a light yellow Qil. 31p { lH) (121~4 MHz, C61>6): ·. lJS.15. 

. . 

10 Also, minor peaks due to impurities at i37.10, 132.S, 132.0 and 106.4 ppm. 
FBMS: calculated for M + H: 927.48; Found: medium-intensity ion-cluster at 

92S.41. 

EXAMPLEllA 

Hydrocyanatiol1 using I jganc1 "I" 
15 Ligand "I", 389 mg, 0.040 g of Ni(COD)2, and 20 mg of Zn02 were 

dissolved in 5 ml of 3PN. The mixture was treated with HCN at a nitrogen carrier 

gas flow rate of 30 ml/min at 700C for o~e hour. GC analysis indicated 31 % 

ADN, 2.7% MGN and 0.4% BSN (selectivity to ADN: 91%). 

EXAMPLBllB 

20 Hydrocyanarion using I -iland "I'' 
Ligand 'T', 389 mg, 40 mg ofNi(COD)2 were dissolved in 5 mlofTHF. 

The solvent was removed by vacuum evaj>oration. To the residue· was added S ml 

of 3PN and 20 mg of Zn02. The mixture was treated with HCN 8t a nitrogen 

flow rate of 12 ml/min at 70°C for two hours. GC analysm indicated 48.3% ADN, 

25 4.2% MON, and 0.5% BSN (selectivity to ADN: 91.1 % ). 

20 
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EXAMPLB12 

Synthesis of the Ligand of Formula Il 

where each R2 is isopropyl, each R2'is H, each RI 

and RS' is meth 1, and Xis -CH(CH CH )- ' and "J" 

2-if, 
Ligand "r' 

5 To 2 g of the chlorodite derived from P03 and 2-isopropylphenol in 20 ml 

of toluene there was added 0.845 g of2,2'-propylidenebis(4,6-dimethylphenol) 

(prepared according to Yamada et al. loc. cit.) and 1.0 g of NEt3 in 20 ml of 

toluene. The mixture was stiired ovemight and filtered through Celite®, and 

washed with toluene. The solvent was removed, to give 2.77 g of the desired 

10 product as a yellow oil. 31p ( lH} (12i.4 MHz, C61>6): 134.68. Also, minor 

peaks due to impurities at 136.22, 132.26, 128.6 and 105.29 ppm. FBMS: 

calculated for M + H: 885.44; Found: 885.39. 

EXAMPLE12A 

Hydrocyanation usin& Upnd "J" 

lS Ligand "J", 372 mg, 0.040 g of Ni(COD)2, and 20 mg of Zn02 were 

dissolved in S ml of 3PN. The mixture was treated with HCN at a nitrogen carrier 

gas flow rate of 30 mJ/min at 70°C for one hour. GC analysis indicated 67% ADN, 

7.2% MGN and 0.9% ESN (selectivity to ADN: 89%). 
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<;ONPABATIVE EXAMPLES 13-13B 

DIPHENYLMETHANE·BACKBQNE 
COMfABATIVE EXAfdPL8 13 

Smthesis of the ligand of.Fonnula D where each R2 and ;R 2' 

5 para to R 2 is t-butyl, each R 1 and RS' is H, and Xis -CH2- (Ligand "12") 

Licand"TZ' 

To 2 g of the chlorod.ite derived from PC13 and 2,4-di-t-butylphenol in 

20 ml of toluene was added 420 mg ofbis(2-hydroxyphenyl)methane and 607 mg 

of NEt3 in 20 ml of toluene. The mixture was stirred ovemight and filtered 

through Celite®, and wBshed with toluene. The solvent rem0ved to give 2.238 g 

10 of the desired product as a pale yellow oil. 31p { lH J (121.4 MHz, C@>6); 

131.35. Also, minor peaks due to impurities at 132.6, 132.0, 131.7, 131.6, 130.3, 

and 121.8.ppm. 

· COMPARATIVE EXAMPLE 13A 
. . . . . 

Hydrocyanations of 3-Pentenenitrile with Ligand . 

15 ".T2"/Ni( o-TIP)2(C21i4), where o-11'P is P(O-o-C6ff4CH3)3; ZnC12 promoter 

20 

Ugand "12", 4S4 mg, 0.111 g of Ni(o-TIP)2(C2ff4), and 20 ing otZn02 

were dissolved in S ml of 3PN. The mixture was treated with HCN at a nitrogen 

carrier gas flow rate of 30 ml/min at 70°C for one hour. GC analysis indicated 

2.0% ADN, 0.8% MGN and 0.29& ESN (selectivity to ADN: 679&). 

COMfABATIVE EXAMPLE 13B 

Hydrocyanation with Ligand "n"/Ni(COD)2 . 

Ligand "J2", 454 mg,0.040 g ofNi(COD)i, and 20 mg ofZn02 were 

dissolved in S ml of 3PN. The mixture was. treated with HCN at a niuogcn carrier 

gas flow rate of 30 mJ/min at 70°C for one hour. After this time, GC analysis 

25 indicated 0.9% ADN, 0.4% MGN and 0.2% ESN. 

22 
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EXAfdPl,E14 

Synthesis of the Ligand of Formula Il where each R2 is isopropyl, 

each R2', RS'.and R 1 is H, and Xis -0- . d "K") 

IJgand"K" 

To 2 g of the chlorodite derived from P03 and 2-isopropylphenol in 20 ml 

5 of toluene was added 0.601 g of2,2'-dihydroxyphenyl ether and 1.0 g of NBt3 in 

·20 ml of toluene. The mixture was stirred ovemiiht, filtered through Celite•, and 

washed with toluene. The solvent was removed to give 2.44 g of the desired 

product as a colorless oil. 3lp ( lHJ (121.4 MHz, C6D6): 131.6. Also, minor 

peaks due to an impurities at 132.12, and 131.8 ppm. 

10 EXAMPLE14A 

HydrocyanatiOn using Ligand "K" 

Ligand ''K", 369 mg, 0.040 g of Ni(COD)2, and 20 mg of Zn02 were 

dissolved in ·5 ml of 3PN. The mixture was treated with HCN at a nitrogen carrier 

gas flow rate of 30 mJ/min at 70°C for one hour. GC analysis indicated 30% ADN, 

15 7.1% MGN and 1.0% ESN (selectivity to ADN: 79%). 

BXAMPLE14B 

Hydrocyanation using Ligand ''K" 

Ligand ''K", 337 mg, 40 mg ofNi(COD)i were dissolved in 5 ml ofTHF. 

The solvent was removed by vacuum evaporation. To the residue was added S ml 

20 of 3PN and 20 mg of Zn02. The mixture was treated with HCN at a nitrogen 

flow rate of 12 ml/min at 70°C for two hours. GC analysis indicated 68.2% ADN, 

15.4% MGN, and 3.2% ESN (selectivity to ADN: 78.6%). 
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BXAMPLB15 

Synthesis of the Ligand ofFonnula II where each R 2 is isopropyl, each R 2' para to 

R2 is methyl, each RS' and Rl is H, and Xis -0- (Ligand "L") 

ligand "L" 

To 2 g of the chloroclite derived from P03 and thymol in 20 ml of toluene 

5 was added 0.554 g of 2,2'-c:lihydroxyphenyl ether and 1.0 g o{ NEt3 in 20 ml of 

toluene. The mixture was stir.red overnight, filtered through Celite•, .. and washed 

with toluene. The solvent removed, to give 2.46 g of the desired product as a 

colodess oil. 31p (IH} (121.4 MHz; C6D6): 131.81. Also, minor peaks due to 

impurities at 132.3 and 132.0 ppm. 

10 EXAMPLE ISA 

Hydrocyanation usin1 Lipnd "L". 

Ligand "L", 359 mg, 0.040 g of Ni(COD)2,.and 20 mg of Zn02 were 

dissolved in S ml of 3PN. The mixture was treated with HCN at a nitrogen carrier 

gas flow rate of 30 mJ/min at 70°C for one hour. After this time, OC analysis 

15 indicated 55% ADN, 12.0% MON and 1.0% ESN (selectivity to ADN: 80%). 

EXAMPLR16 

Synthesis of the ligand of Formula n where each R2 is isopropyl, 

.eachR2' is H, eachR3' and RI is methyl, and Xis-CH(CH3)-.(Ligand "D2") 

Q-< 2'0-l0 

I~ 

ligand "D2" 

20 To 2 g of the chlorodite derived from P03 and 2-isopropylphenol in 20 ml 

of toluene was added 803 mg of 2,2'-ethylidenebis(4,5-dimethylphenol), prepared 

according to Yamada et al., op. cit., and 1 g ofNBt3 in 20 ml of toluene. The 

mixture was stilred overnight,. filtered through Celite•, and washed with toluene. 

The solvent was removed, to give 2.541 g of the desired product as an opaque oil. 
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31p ( lH} (12t.4MHz, C@>6): 130.7. Minor peaks at 13206, 131.14, and 

130.14. 

EXAMPLE16A 

· Hydrocyanation of 3-Pentenenitrile with 

5 Ligand "D2"/Ni(COD)2; Zn02 promoter 

370 mg of Liganq "D2", 0.040 g of Ni(COD)2, and 20 mg of Zn02 were 

dissolved in 5 ml of 3PN. The mixture was treated with HCN at a nitrogen flow 

rate of 30 ml/min at 700C for one hour. GC analysis indicated 24.7% ADN, 6.0% 

MGN and 0. 7% ESN (selectivity to ADN: 79% ). 

10 EXAMPLE 16B 
Hydrocyanation of 3-Pentenenitrile 

with Ligand "D2"/Ni(COD)2; Zn02 promoter 

Ligand "D2", 366 mg, 40 mg ofNi(COD)2 were dissolved in 5mlof1llF. 

The solvent was removed by vacuum evaporation. To the residue was added 5 ml 

15 of 3PN and 20 mg of ZnC12. The mixture was treated with HCN at a nitrogen 

flow rate of 12 ml/min at 70°C for two hours. GC analysis indicated 36.2% ADN, 

8.7% MGN, and 1.0% ESN (selectivity to ADN: 79.0%). 

EXAMPLE17 

Synthesis of the ligand of Fonnula IV, 

20 where each R2 is isopropyl, and each R2' and R 5' is H (Ligand ''M") 

0--< ,_ 
._p~ A p q 

<>-P P-0 
\ I 
0 0 , ,,,____--\ 

ligand "M'' 

To 20 ml of a toluene solution comammg 1.145 g of2,2'-binaphthol and 

1.21 g ofNEt3 at -40°C was added 1.0 g of l,l'-biphenyl-2,2'-<liyl phosphoro­

chloridite·in 20 ml ·of toluene. The mixture'was warmed to room temperature and 

stirred ovemight. A 20 ml toluene solution contaning the chloridite derived from 

25 P03 and 2-isopropylphenol was added thereto. After stirring for two days, the 

mixture was filtered through Celite®, and washed with toluene. The solvent was 

removed, to give 3.382 g of tan solid. 3lp ( lH} (121.4 MHz, C6D6): 145.3 6, 

131.2 a. Also minor peaks due to impurities at 146.6, 146.4, 146.3, 132.2, and 

131.0. FBMS: Found: 885.30. The FBMS data is inconsistent with the structure 

30 shown for Ligand "M" due to the possible presence of an impurity. 
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EXAMPLE17A 
Hydrocyanation of 3-Pentcnenitrile with 

Ligand 'M"/Ni(o• TIP)i(C@); Zn02 promoter 

Ligand ''M",.331 mg; O.lllg ofNi(o-1TP)2(C2'14), and 20mgofZn02 

5 were dissolved in S ml of 3PN. The mixture WI$ treated with HCN at a nitrogen 
flow rate of 30 mJ/min at 70°C for one hour. After this. time, GC analysis indicated 

19.2% ADN, 3.7% MON and0.7% ·ESN (selectivity to ADN: 81%). 
BXAMPLB :im· 

Hydrocyanation of 3-Pentenenitrile 

10 with Ligand "M" /Ni(COD)z Zna2 promoter 

344 mg of Ligand "M" and 0.040 g of Ni(COD)2 and 20 mg ofZnQ2 were 
dissolved in S ml of 3PN. The mixture was treated with HCN with a nitrogen flow 

rate of 30 lDl/min at 70°C for one hour. GC analysis indicated 4190 ADN, 7.190 
MON and 1.19& BSN (selectivity to ADN: 83%). 

15 EXAMPLE 18. 

Synthesis of the Jigand of Ponnula V, 
where each R2 is isopropyl,·and each R2' and. RS' is H (Ligand "N") 

>-Q 
~~ 

°"· ~-tr 
ligand "N" 

To 2 g of the phosphoch1oridite derived from Pa3 and,2-isopropylphenol 
in 20 ml of toluene was added 8SO mg of l,l '-bi-2-naphthol alld 1.2 g of NBt3 .in 

20 20 ml of toluene. The mixture was sti!Ted ovemight, filtered through Celite~, and 

washed with toluene. The solvent was removed, to give 2.711 gofthe desired 
product as a yellow liquid. 31p UHJ (121.4 MHz, Cc;D6): 131.51. FBMS 
calculated for M+ 1 for the desired product C56'{560@>2: 887.36; Found: 

887.37. 
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EXM'JPLE18A 

Hydrocyanation of3~Pentenenitrile with 

Ligand "N"/Ni(COD)2; Zn02 promoter 

PCf/US9S/12214 

Ligand "N", 373 mg~ and 0.040 g of Ni(COD)2 were dissolved in S ml of 

5 3PN containing 20 mg of Zn02. The mixture was treated with HCN at a nitrogen 

flow rate of 30 ml/min at 70°C for one hour. OC analysis indicated 21.5% ADN, 

3.3% MON and 0.5% ESN (selectivity to ADN: 85%). 

EXAMPLE18B 

Hydrocyanation of 3-Pentenenitrile with 

10 Ligand "N"/Ni{COD)2; Zn02 promoter 

Ligand "N'', 373 mg, 40 mg of Ni(COD)2 were dissolved in S ml of THF. 

The solvent wis removed by vacuum evaporation. To the reisdue was added S ml 

of 3PN and 20 mg of ZnC2. The mixture was treated with HCN at a nitrogen 

flow rate of 30 ml/min at 70°C for one hour. GC analysis indicated 58.9% ADN, 

15 9.2% MON, and l.1 % ESN (selectivity to ADN: 83.3%). 

EXAMPLE19 

Synthesis of the ligand of Fonnula V, where each R2 is isopropyl, each R2' 

para to R2 is methyl and the other R2' Is H, and each Rs'· is H (Ligand "0") 

_i('J~ 
~1~0 

' ' 0-P P-
' I 0 0 

Ligancl"CJ' 

To 20 ml of toluene solution containing 2.0 g of the phosphorochloridite 

20 derived from P03 and thymol were added 0.785 g of l,1'-bi-2-naphthol and 

0.910 g ofNEt3 in 20 ml of toluene. The mixture was stirred overnight. The 

mixture was filtered through Celitet>, and ~ashed with toluene. The solvent was 

removed, to give 2.569 g of an orange oil. 3lp ( lH} (121.4 MHz, C@>6): 

131.246. Also minor peaks due to impurities at 145.73and132.31. FBMS: 

25 Found: 941.64; calculate for C6oH6406f2: 942.42. 
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BXAW>l.E19A 

Hydrocyanations of 3-Pentenenitrile with Ugand 

"O"/Ni(COD)2; Zn02 promoter 

Ugand '10", 396 mg, 0.040 g of Ni(COD)2, and 20 mg of Zn02 were 
5 dissolved in 5 ml of 3PN. The 111btture w~ treated with HCN ~ a nitrogen flow 

rate of 30 m]/mm at 70°C for one hOUJ,". GC analysis indicated 63% ADN, 8.0% 
MGN and 0.8% ESN (selectivity to A.ON: 88%). 

COMPARAilVB EXAMPLE 20 

Synthesis of the lig~d of Pqnnula V, where each R 2 and R2' 

10 para to R2 is t-butyl, other R2'. is H and each RS' is H (Ligand "P") 

Ligand"P" 

. Phosphorus trichloride (0.SS g, 4~0 mmols) was dissolved in toluene 

(10 ml) and cooled in an ice/salt bath. 2,6-Di-t-butyl phenol (1.65 g, 8.0 mmols) 

and triethylamine (2.1 ml; 15 mmols) were dissolved in toluene (10 ml}. This 

solution was added~ to the cold PQ3 solution. After 30 min,.the mixture 

15 was heated to Idlux for 75 minutes. The mixture was agam cooled in the ice bath, 

and a solution of 1,l'-bi-(2-naphthol) (0.57 g; 2.0 mmol) in toluene was added 
dropwise. The ieaction mixture was heated .to reflux for 1.S hams. The mixture 

was cooled, and the solids were removed by filtration. The solvent was removed 

in vacuo, leaving a sticky yellow solid. Recrystallization from acetonitrile was 

20 unsuccessful because the material was fairly soluble~ The acetonitrile was removed 

to give a pale yellow solid. 31p NMR (CD03): 6129.7. Also, small peaks at 

130.8 and 145.6 due to impurities. 
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COMPARATIVE EXAMPLE 20A 

, , Hydrocyanation using Ligand P 

Ligand "P~~i 490 mg, 0.040 g of Ni(COD)2;, and 20 mg of Zn02 were 

dissolved in 5 nil of 3PN. The mixture was treated with HCN at a nitrogen carrier 

5 gas flow rate of 30 ml/min at 700C for one hour. GC analysis indicated 3.7% 

ADN, 0.7% MON and 0.4% ESN (selectivity to ADN: 77%). 

EXAMPLES 22-31 

Hydrocyanation of 3-Pentenenitrile 

Table 1 shows hydrocyanations using a variety of ligands of the invention, 

10 prepared in accordance with the general procedures described in the previous 

examples. The specific conditions for each hydrocyanation are described as 

Method A, B or C. 

15 

COWARATIVE EXAMPLES A-C2 

Hydrocyanation of 3-Pentenenitrlle using p-qitolylphog>hite 

COMPARATIVE EXAMPLE·A 
Compares to Metbod A of Table 1 

To S ml of THF was added 0.296 g (0.84 mmoles) of p-tritolylphosphite 

and 0.040 g (0.14 mmoles) of Ni(COD)i. The solvent was removed by vacuum 

evaporation. To the residue was added 5 ml of 3PN and 20 mg of Zn02. The 

20 mixture was treated with HCN at a nitrogen flow rate of 30 ml/min at 70°C for 

one hour. GC analysis indicated 37.5% ADN, 8.4% MON and 1.3% ESN 

(selectivity to ADN: 79.4%). 

COMPARATIVE EXAMPLE B 

Compares to MetbodB ofTable 1 

25 To 5 ml of 3PN was added 0.306 g (0.89 mmoles) of p-tritolylphopshite 

and 0.115 g (0.14 mmoles) of (0TfP)2Ni(ethylene) (oTfP = o-tritolylphosphite) 

and 0.020 g of Zn02. The mixture was treated with HCN at a nitrogen flow rate 

of 30 mJ/min at 70°C for one hour. GC analysis indicated 28.6% ADN, 5.9% 

MGN and 0.9% ESN (selectivity to ADN: 80.7%). 

30 CQMPABADYE EXAMPLE Cl 

Compares to Method C of Table 1 

296 mg of p-tritolylphosphite and 40 mg of Ni(COD)2 were dissolved in 

5 ml ofTiiF. The solvent was removed by vacuum evaporation; To the re.sidue 

was added 5 ml of 3PN and 20 mg of Zn02. The mixture was treated with HCN 

35 at a nitrogen flow rate of 12 ml/min at 70°C for two hours. GC analysis indicated 

22.7% ADN, 5.1 % MGN, and 0.8% ESN (selectivity to ADN: 79.4%). 
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COWABAIJVBEXAMPLE C2 
C<>mlla,re§ to Met)lod C of Table 1 

PCT/US95/12214 

To 5 ml of 3PN was added 0.099 g (0.28 mmoles) of p-trltolylphospbite, 

0.205 g_(0.14 mmoles) of tetrakis(p-tritolylphosphite)mckeland-20 mg ofZna2• 

5 The mixture was treated with HCN at a nitrogen tlow rate of 12 cc/riiin. After 1 hr 

of reaction, OC analysis ~dic~ed 26.5~ ADN, 5.9% MON and 0.8% BSN 

(selectivity to ADN: 79~8%). After 2 hr of reaction, GC analysis indicated 27.6% 

ADN, 6.1 % MON, 0.9% ESN (selectivity to ADN: 79.8%). 

Example 
No. 

22 

23 

24 

2S 

26 

Lig~ 
Sttuctme 

0.P(O.A)i 

0.P(O.A>.z 

O.P(O.A)z 

().P(O.A>.z 

0.P{O.A).i 

0.P(O.A)2 

0.P(O.A)2 

TAJI.'§1 

Hydroeyanation 
Coavenion . CJbADN Metbod 

19.0 92.4 A 

6.1 88.3 A 

28.7 91.6 A 

6.3 91.2 A 

77.5 90.1 A 
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27 

28 

29 

30 

31 

0-P(O.A)l 

°'-PCO-A)l 

~. 
I~~ 

a 
2 

PCJ'/US95/12214 · 

2S.9 89.1 c 

24.3 89.9 A 

41.0 83.9 B 

46.9 84.8 A 

15.8 86.1 c 

Method A: 0.42 mmoles ligand, 0.14 mmoles Ni(COD}i in S ml THF. Remove 

solvent. 5 ml 3PN and 20 mg Zn02. HCN at 30 ml/min for 1 hr. 

Method B: 0.42 mmoles ligand, 0.14 mmolcs Ni(COD)2 in S ml 3PN and 20 mg 

S Zn.02• HCN at 30 ml/min for 1 hr. 

Method C: 0.42 mmoles ligand, 0.14 mmoles Ni(CODh in S ml THF. Remove 

solvent. 5 ml 3PN and 20 mg Zn02• HCN at 12 ml/min for 2 hrs. 
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Biii 

Although particular embodiments of the ptesent invention have been 

described in the foregoing description, it will bC understood by those skilled in the 

art that the invention is capable of numerous modifications, substitutions and 

rearrangements without departing from the spirit. or essential attributes of the 
. . . 

S invention. Reference should be made to the appended claims, rather than to the 

foregoing specification, as indicating the scope of the invention. 

32 
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We Claim: 

1. A hydrocyanation process comprising reacting an acyclic, aliphatic, 

monoethylenically unsaturated compound in which the ethylenic double bond is not 

conjugated to any other olefinic group in the molecule, or a monoethylenically 

5 unsaturated compound in which the ethylenic double bond is conjugated to an 

organic ester gro~p, with a source of HCN in the presence of a catalyst 

composition comprising a Lewis acid, a zero-valent nickel, and at least one 

multidentate phosphite ligand selected from the group represented by the following 

Formulas I, II, m, IV, V, VI and VII: 

FomuJaI 

. a'Z 

" ~ 
I o 

~ I 
0-P,O 

a2 
as: ~ 

I 

Fomutam 

1.11111111111111111111111111111 
* C · L M S * 
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wherein 

PCT/US95/12214 

R:~······· Q-Jl2 
.•· 0 . . . I 

R. '0-P 
. \ 

R: 0 

PomulaV FomlllaVI 

PomulaVD 

each R 1 is independently, H, halogen, a C1 to C6 alkyl, or QR3 wherein 

R3 is a Ct to C6 alkyl; 

each R 2 is independently a secondary or tertiary hydrocarbyl of 3 to 6 

S carbon atoms; 

each R 2' is independently H, halogen, OR 3 wherein R 3 is a c1 to c6 alkyl 

or a primary, secondary or tertiary hyd.rocarbyl of 1 to 6 carbon 

atoms; for Formulas Il, ID, IV, VI and VIl, R2' is at either the meta 

or para position to the oxygen; 

34 
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each R'; is independently H or a primary or secondary hydrocarbyl of l to 

3 carbon atoms in either the ortho or meta position to the oxygen or 
CO~R3'· wherein R 3' is a C 1 to C4 a11cy4 and 

5 

each Xis independently 0 or CH(R4'), wherein R4' is H, a substituted 

phenyl, or a c1 to C6 alkyl; 

with the proviso that the terms "secondary'' and "tertiary" 

herein refer to the carbon atom bonded to an aromatic ring; 

and with the further proviso that in Formulas I, II, and V at 

least one R 2 cannot be a tertiary hydrocarbyl. 

10 2. The process of Claim 1 wherein the starting ethylenically unsaturated 

compound is selected from the group consisting of the compounds of the following 

formulas vm and X: 

15 where.in 

CH3-(CH2)y-CH=CH-(CHvx-R4 (VDl) 

CHi=CH-(CHvx-R4 (X), 

R4 is H, CN, C02R', orperfl~oroalkyl; 

y is an integer of 0 to 12; 

xis an integer o~ 0 to 12 when R4 is H, COiR' or pedluoroalkyl; 

xis an integer of 1 to 12 when R4 is CN; and 

20 as is alkyl. 

3. The process of C1aim 1 wherein the starting ethylenically unsaturated 

· compound is selected from the group consisting of 3-pentenenitrile, 4-pentene­

nitrile; alkyl 2-, 3-, and 4-pentenoates, and CzF2z+iCH=CH2, where z is an integer 
of 1to12. 

25 4. The process of Claim 3 wherein the starting ethylenically unsaturated 

compound is 3-pentenenitrile or 4-pentenenitrile. 

S. The process of Claim 1 which is carried out at a temperature of -2S°C 
to 200°C and at a pressure of S0.6 to 1013 kPa. 

6. The process of Claim S which is cmied oat at atmospheric pressure 

30 and at a temperature of 0°C to 150°C. 

7. The process of Claim 1 wherem the Lewis acid is selected from the 

group consisting of inorganic or organometallic compounds in which the cation is 

selected from scandium, titanium, vanadium, chromium, manganese, iron, cobalt, 

copper, zinc, boron, aluminum, yttrium, zirconium, niobium, molybdenum, 

35 cadmium, rhenium and tin. 

8. The process of Claim 7 wherein the Lewis acid is selected from the 

group consisting of ZnBr2, ZnI2, Zn02, ZnS04, Cu02, Cua, Cu(03SCF3)2, 

Co02, Col2, Fel2, Fe03, Fe02(tetrahydrofuran)2, Ti04(tettahydrofuran)2, Ti04, 

35 l lllllll llllll lllll lllll ll llll 
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na3, CTi(OiPr)3, Mn02, ScC13, AI03, (CsH17)AlC2, (Csff17 hAlC, 

(iso-C4H9)2AIC, (phenyl)2AJ,C, phenylAIC2, Reas, ZrC4, Nb05, V03, CrC12, 

Mo05, Y03, Cd02, i..a3, Er(03SCF3)3, Yb(02CCP3)3, SmC3, Ta05, Cd02, 
B(C6Hs)3, and (C@l5)3SnX, w~ X = CF3SO~, Gff3C6ff5S03, or (Ccsffs)3BCN. 

S 9. A catalyst composition consisting essentially of a zero-valent nickel, 

and at least one multidentate phosphite ligand selected from the group represented 

by the following Fonnulas I, .D, m, IV, V, VI and VU: 

FomllJaI 

Rz 

, " 
~ I 

0-P,O 
R2 

R.S'. 

I 

FonmJam 

' \ \11\11\ \\\l\\'111\\ \\1\1 \\\'I\:' ' 
* C L M S 

PomllJaI[ 

anc& 
.Ho---1 , R ci , ,P, 

R"'· 0 0 

FommJaJ.V 
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wherein 
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a'Z °" R a2 P..'Z 

R " A R 

P..~ R'Z 

PollllllaV PomllJaVI 

PomulaVU 

each Rl is independently, H, halogen, a C1 to C6 alkyl, or OR3 wherein 

R3 is a Ct to C6 alkyl; 

each R2 is independently a secondary or tertiary hydrocarbyl of 3 to 6 

5 carbon atoms; 

each R2' is independently H, halogen, OR3 wherein R3 is a C1 to C6 alkyl 

or a primary, secondary or tertiary hydrocarbyl ·of 1 to 6 carbon 

atoms; for Formulas U, m, IV, VI and VII, R'Z is at either the meta 

or para position to the oxygen; . 
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each R'• is independently Hor a primary or. secondary hydrocarbyl of 1 to 

3 carbon atoms in either the ortho or meta position to the oxygen or 

C02R3' whereinR3' is.a C1 to C4 alkyl; and 

s 
each Xis independently 0 or. CH(R4'), wherein R4• is H, a substituted 

phenyl, or a Cl to C6 alkyl; 

with the proviso that the tenns "secondary" and "tertiary" 

hereiJJ. refer to the carbon atom bonded to an aromatic ring; 

and with the further proviSo that in Formulas I, n, and V at 
least one R 2 carmot· be a tertiary hydrocarbyl. 

10 10. The catalyst composition of Cahn 9 wherein a Lewis acid is also 
present. 

11. · The catalyst composition of Cahn 10 wherein the Lewis acid is 

selected from the group consisting of ZnBr2, Znl2, Zna~, ZnS04, Cu02, Cua,. 
Cu(038CF3)2, Coa2, Col2, Fe12, Fea3, Fea2(tetrahyclrofuran)2, TiCl4(tetra-

15 hydrofurm)2, TiG.4, Tia,, OTi(OiPr)3, Mn02, ScC13, Al03, (CgH17)AlC2, 

(C3H17 )2Al0, (iso-C4H9)2AIO, (phen7l)2A!C, phenylAIC2, Rea,, ZrC14, 
Nb05, V03, CrC12, Moos, Y03, Cd02, La03, Er{O]SCF3)3, Yb(02CCP3)3, 
Sm03, TaOs, Cd02, B(C~5)3, and (C6HshSnX, where X = CF3S03, 

CH3<=6ff5S03, or (C6ffs)31JCN. 
20 12. The catalyst composition or"Claim 9 wherein the zero-valent nickel and 

the multldentate phosphite ligand are bonded to eaCh other. 

13. The catalyst of Claim 9 wherein the ~valent nickel and the 

multidentate phosphite ligand are supported on the same solid support. 

I 111l~J llll1 IU!l l~IJ II ~II 
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