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Chapterr 5 

Nickell  Phosphine-Phosphite Complexes as Catalysts in the 
Hydrocyanationn of Styrene 

Sinkk Deerenberg, Alison C. Hewat, Dieter Vogt, Paul C. J. Kamer, 

Piett W. N. M. van Leeuwen 

Abstract t 

Thee asymmetric hydrocyanation of styrene, catalyzed by chiral nickel phosphine-

phosphitee complexes, gives the branched product nitrile in up to 34 % enantiomeric excess. 

Intermediatess in the catalytic cycle have been detected by 3,P{ IH}  NMR, including Ni(Pi-

P2)(cod)) (A) and Ni(Pi-P2)(styrene) (B) (P1-P2 = ligands 1-5; cod = 1,5-cyclooctadiene). 

Complexx (B) is the only species observed during the reaction and therefore, is expected to be 

thee resting state of the catalytic reaction. 
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ChapterChapter 5 

5.11 Introductio n 

Organicc nitriles are very valuable intermediates and can be transformed easily into 

amines,, aldehydes and acids. One way of introducing nitriles is the transition metal catalyzed 

additionn of HCN to alkenes, potentially a very useful reaction in organic synthesis.1'2 DuPont 

hass industrialized the nickel-catalyzed hydrocyanation of butadiene, known as the ADN 

Process,, for the production of adiponitrile (1,4-butanedinitrile), a precursor for nylon-6,6.3 

Manyy investigations have been undertaken to understand the mechanism and improve the 

activityy and selectivity of this process.4 

Casalnuovoo et al. have proposed a mechanism for the nickel catalyzed hydrocyanation 

off  vinylarenes (Scheme 5.1). The mechanism of the reaction has been studied extensively, 

butt it has not been fully elucidated.5 In the first step, the ligand replaces a cod from Ni(cod)2, 

thee catalyst precursor for this reaction, to form the tetrahedral Ni(P-P)(cod) complex (A). 

Subsequently,, a second cod is either replaced by the alkene, to form the Ni(0) complex (B) 

(pathwayy I), or HCN oxidatively adds to Ni(0) to form the square planar Ni(II ) species (B') 

(pathwayy II). 
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Schemee 5.1 Mechanism for the Asymmetric Hydrocyanation of Styrene Catalyzed with (P-

P)/Ni(cod)2 2 
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Next,, the five-coordinated trigonal bipyramidal Ni(II ) species (C) is formed from 

eitherr (B) or (B') and after hydride insertion the (T|3-benzyl)nickel cyanide (D) is obtained. 

Reductivee elimination affords the product and a (P-P)Ni(O) species. This species can be 

stabilizedd by the cod or by a substrate molecule present in the reaction mixture and re-enter 

thee cycle via pathway I or pathway II. 

Casalnuovoo et al. have reported that using a sugar-based ligand species (D) is the 

catalystt resting state.5 Addition of styrene to Ni(Pi-p2)(cod) (A) did not result in the 

formationn of Ni(Pi-p2)(styrene) complexes (B). It was proposed that if Ni(Pi-P2>(styrene) 

complexess (B) were formed, it occurred via reductive elimination of the (r|3-

benzylallyl)nickell  cyanide complex (D). Furthermore, they have concluded that, in absence 

off  HCN, Ni(Pi-P2)(cod) (A) is the catalyst resting state as it was the only species observed. 

Inn presence of HCN and styrene, it has been proposed that the catalyst resting state is shifted 

fromm Ni(Pi-P2>(cod) (B) to a complex containing both HCN and styrene, presumably the (T)3-

benzylallyl)nickell  cyanide complex (D). 

Inn the hydrocyanation reaction, phosphite ligands are generally preferred to phosphine 

ligands.. The hydrocyanation cycle involves Ni(0) intermediates, which can be stabilized by 

electron-withdrawingg ligands like phosphites to prevent precipitation of metallic nickel. 

Recently,, we have shown that the use of a diphosphite ligand based on a calix[6]arene 

backbonee leads to a very active catalyst for the hydrocyanation reaction.6 Even though 

phosphiness tend to support the formation of L„Ni(CN)2 species, which accumulate during the 

reactionn and are inactive as hydrocyanation catalysts, we have also reported on active 

hydrocyanationn catalysts with phosphine ligands. These phosphines, based on a xanthene 

backbone,, have a natural bite angle close to 109° and therefore stabilize tetrahedral Ni(0) 

ratherr than square planar Ni(II ) species, leading to the formation of very active catalysts.78 

Evenn though the asymmetric hydrocyanation reaction is a powerful synthetic tool for 

thee synthesis of chiral building blocks, this reaction did not gain much interest.9-17 For 

example,, addition of HCN to styrene and other vinylarenes gives high yields of 2-aryl-

propionitriles,18-199 which are intermediates for 2-arylpropionic acids including Ibuprofen and 

Naproxen,, a class of nonsteroidal anti-inflammatory drugs. Design of chiral catalysts, which 

providee high conversion and enantioselectivity, is an important challenge. Recently, the 

enantioselectivee hydrocyanation of 6-methoxy-2-vinylnaphthalene using a nickel catalyst 

containingg a sugar based diphosphinite ligand has been reported with ee's up to 95 %.5-H 
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Variationn of ligand electronics showed that electron-withdrawing substituents at the 

phosphoruss atom yield highly active10'20 and enantioselective10 catalysts for the 

hydrocyanationn reaction of vinylarenes. Most catalysts for the asymmetric hydrocyanation 

reactionn consist of a palladium or nickel metal center and symmetric5'9'12-15'17 or non-

symmetric10'11 l-14 chiral bidentate phosphorus ligands. 
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Recently,, we have reported a series of optically pure phosphine-phosphite ligands (1-

5).. These ligands consist of a phosphine moiety and a phosphite having an atropisomeric 

bisphenoll  group and the linker between these groups contains a stereocenter. We have 

demonstratedd that a stereocenter in close vicinity to an atropisomeric bisphenol group 

controlss the configuration of the biaryl axis.21-23 In addition, a cooperative effect between the 

phosphinee having a stereogenic phosphorus atom and the stereocenter at the backbone was 

observed.23-24 4 

Ourr interest in the hydrocyanation reaction7'8,20 prompted us to prepare nickel 

complexess using these phosphine-phosphite ligands and test them in the enantioselective 

hydrocyanationn of styrene. The ligands described above can be modified easily and allow a 

systematicc approach to study the asymmetric induction of the ligand in the hydrocyanation 

reaction.. The influence of two different donor groups on the enantioselectivity and rate of the 

reactionn was investigated. 

5.22 Results and discussion 

5.2.11 Ligands 

Ligandss 1-5 have been synthesized starting from a monophosphine, a chiral substituted 

oxiranee and a bulky biaryl phosphoruschloridite as reported in Chapters 2 and 3.22'23 Ligand 

l aa contains a non-stereogenic phosphine moiety, a carbon stereocenter with a methyl 

substituentt and a phosphite group having a bulky bisphenol. Ligand lb has a stereogenic 

phosphinee moiety and a larger phenyl substituent at the backbone. Even though the absolute 

configurationn of the stereocenter is different for ligands la and lb, the orientation of the 

substituentss at the stereocenter is similar.25 Ligands 2 are similar to ligands 1 except for the 

oppositee configuration at the carbon stereocenter. Ligand 2b is a diastereomer of ligand lb. 

Inn ligands 3, one of the phenyl groups in the phosphine moiety is substituted for a f-butyl 

group,, providing a more electron-rich bulky phosphine. Ligand 4 is a diastereomer of ligand 

3b.. Ligand 5 contains a shorter linker between the phosphine and phosphite moiety compared 

too ligand 4, which will result in a smaller P-Ni-P angle in the Ni(cod)(5) complex. 
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5.2.22 Studies on the complex structures 

Too get more insight in the mechanism of the nickel catalyzed hydrocyanation reaction, 

wee studied the formation of the catalyst precursor Ni(Pi-P2)(cod) (A) (P1-P2 = ligands 1-5) 

andd possible intermediates in the catalytic cycle using 31P{!H}  NMR spectroscopy. Addition 

off  one equivalent of ligands 1-5 to a solution of Ni(cod)2 in benzene-d6 results most likely in 

thee formation of a Ni(Pi-P2)(cod) complex as can be concluded from 3,P{ lH}  NMR.5 The 

Ni(Pi-P2)(cod)) complexes are stable in benzene-d6, since after 24 hours at room temperature 

noo other species were observed in the 3IP{1H}  NMR spectrum. Preparation of the complexes 

inn other solvents like THF or toluene leads to the same complexes, but they decompose 

slowlyy in THF. In the 31P{'H}  NMR spectra of Ni(Pi-P2)(cod) two doublets were observed, 

whichh were attributed to the phosphine and the phosphite moiety, respectively (Table 5.1). 

Thee coupling constants varied from 12.3 Hz for ligand la to 68.3 Hz for ligand 4. 

3 1 n r l l Tablee 5.1 J1P{'H}  NMR Characteristics of Ni(Pi-P2)(cod) complexes. 

Ligand d 

la a 

lb b 

2a a 

2c c 

3b b 

4 4 

5 5 

S(Pi) ) 

163.53 3 

164.83 3 

166.50 0 

165.566 brc 

174.74 4 

164.49 9 

163.68 8 

8(P2) ) 

29.35 5 

26.300 brc 

26.422 brc 

28.166 brc 

22.97 7 

38.322 brc 

32.03 3 

./{P1-P2} } 

12.3 3 

17.9 9 

14.7 7 

n.d.b b 

45.3 3 

68.3 3 

29.7 7 

aa 3IP{'H}  and lH spectra recorded in benzene-d̂ at room temperature. Chemical shifts (5) in ppm, coupling 

constantss (7) in Hz. b Not determined.c Broad signal. 

Inn order to correlate the coupling constant to the P-Ni-P angle, we compared the 7P_P'S 

off  the Ni(Pi-P2)(cod) complexes containing ligands 1-5. In general, the coupling constant is 

dependentt on two parameters, the P-Ni-P angle and the P-Ni distance. Both the electronic 

andd steric character of the ligand can affect these parameters. If only the P-Ni-P angle is 

considered,, we expect almost the same coupling constant for ligands 1-4, due to the same 

flexiblee ligand bridge. However, a clear relationship between the P-P coupling constant and 

thee P-Ni-P angle was not observed. Larger coupling constants were found for ligands 3 and 
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4,, containing a f-butyl substituent at the phosphine moiety, than for ligands 1 and 2. 

Therefore,, we conclude that in these complexes the coupling constant is not only dependent 

onn the P-Ni-P angle, but also on the P-Ni distance. 

Thee electronic character of the phosphine is important for the P-Ni bond. When an 

electronn donating ligand is used, the nickel atom becomes more electron rich resulting in a 

smallerr coupling constant.26 However, in the Ni(Pi-P2)(cod) complexes the Pj-P2 coupling 

constantt increases with an electron donating ligand indicating that not only the electron 

donatingg capacities of the ligand are important, but also the Jt-back donation. Secondly, the 

stericc interactions of the ligand with the Ni(cod) moiety are important for the magnitude of 

/P_P.. It has been suggested that the P-metal coupling constant as well as the phosphorus and 

metall  chemical shift are influenced by P-metal bond distortion.27-28 This distortion of the 

geometryy of the phosphorus can be caused by strained bidentate ligands or by bulky 

substituentss on the phosphorus donor atom and can be observed as inequivalent Metal-P-C 

angless as illustrated in Figure 5.1.29 

Tablee 5.2 Optimized structure of tetrahedral Ni(0)(cod)(Pi-P2) using Semiemperical 

Geometryy Optimization. 

P-Ni-PP angle [°] C-P-Ni angle a [°] 

CSc)-2aa 104.1 115.4 

(/?PvRc)-3bb 101.7 120.0 

(flP,Sc)-55 95.8 121.0 

4P<<
M M 

R i '' a 

Figuree 5.1 Bond angle a between aryl group (ligand 2a) or ?-butyl (ligands 3b and 5), Pi and 

nickell  (Pi = phosphite; P2 = phosphine). 

Molecularr modeling calculations show distortion of the geometry on the phosphine 

moiety.. The Ni-P-C(Ri) angle a in the Ni(Pi-P2)(cod) complex of 115.4° for ligand 2a 
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increasess to 120.0° for ligand 3b (Table 5.2). Due to the flexible ligand bridge, we do not 

expectt strain in the P-Ni-P angle and thus attribute the distortion of the geometry of the 

phosphinee mainly to the bulky f-butyl group. This distortion results in a weak P-Ni bond and 

aa larger coupling constant of 45.3 Hz. A shorter linker, as in ligand 5, results in a smaller P-

Ni-PP angle of 95.8° and a larger distortion of the P-Ni-C angle a (121.0°) compared to 

ligandss 2a and 3b. As a result, the coupling constant decreases from 45.3 Hz to 29.7 Hz for 

Ni(5)(cod). . 

Ass illustrated by the molecular modeling calculations, both the P-Ni-P angles and the 

geometryy of the phosphine change with different ligands. Therefore, we cannot use the 

couplingg constant as a measure for the bite angle. 

Thixantphoss BINAPHOS 

Too our surprise, addition of two equivalents of ligand to Ni(cod)2 results in the 

formationn of the monochelate Ni(Pi-P2)(cod) complex together with 1 equivalent of 

uncoordinatedd ligand as indicated by 31P{'H}  NMR. With other ligands the formation of 

bischelatedd Ni(Pi-P2)2 complex has been reported.5-10-14-20 For example, the addition of one 

orr two equivalents of Thixantphos diphosphine ligands to Ni(cod)2 results in the formation of 

aa bischelated Ni(Pi-P2)2 complex.20 The bischelated nickel complex is catalytically 

inactive,5-100 but since one ligand is able to dissociate, the catalyst activity can be restored.20 

Thee addition of one equivalent of the phosphine-phosphite BINAPHOS ligand to 

Ni(cod)22 has resulted in the formation of a bischelated Ni(Pj-P2)2 complex.14 Also with Rh-

complexess we have observed different coordination behavior of BINAPHOS and phosphine 

phosphitess 1-5.23 
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Onee of the proposed mechanisms in the hydrocyanation reaction involves the formation 

off  a nickel(0)(Pi-P2)(r|2-alkene) complex (B). Since it was anticipated that styrene 

coordinationn to NKP1-P2) would result in a complex mixture of isomers (Figure 5. 2),5 we 

firstt tried to prepare the ethene complex. To this end, ethene was bubbled through a solution 

off  the Ni(la)(cod) complex. In the 31P{'H}  NMR spectrum the doublets at 163.53 and 29.35 

ppmm (J = 12 Hz) of Ni(la)(cod) disappeared and two new doublets (J = 71 Hz) were 

observed.. Compared to the Ni(Pi-P2)(cod) complexes, the coupling constant in the case of 

thee ethene complex is much larger. This could be due to an increase in the P-Ni-P angle,17 

whichh is reflected by a larger coupling constant between the phosphorus donor atoms. 

Apparently,, these ligands prefer a large bite angle and therefore stabilize the tetrahedral Ni(0) 

complexess (B), which is important since the reductive elimination of species (D) is proposed 

too be the rate determining step.7,30 

;; Ph Ph ; 
P r = / " P 22 ^ ^ p r W - p 2 

!! I ! II 

Pi"=H--P22 * * = * Piyi="P2 
!! Ph Ph ! 
11 1 

IVV III 

P-iP-i : phosphite 
P22 : phosphine 

Figuree 5.2 The four diastereomeric Ni(Pi-P2)(styrene) complexes. 

Additionn of styrene to the Ni(Pi-P2)(cod) yields, according to 31P{'H}  NMR, three 

differentt Ni(Pi-P2)(styrene) complexes for most ligands used in these studies.5 Similar to the 

Ni(la)(ethene)) complex, the coupling constant increased in the 31P{'H}  NMR spectrum and 

valuess of 64 to 77 Hz were found. In a cod-free route, reduction of Ni(II)Br2 using Zn-dust 

inn the presence of ligand la and styrene afforded according to 31P{'H}  NMR the same 

Ni(la)(styrene)) species. Theoretically, four different diastereomers are possible (Figure 5. 2). 
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Apparently,, one of these diastereomers is not formed, probably due to steric hindrance 

betweenn the phenyl group of styrene and the bulky bisphenol of the phosphite moiety 

(complexess II or III) . Ligand 5 is known to enforce smaller P-M-P angles than ligands 1-

44 22,24 po r pd-allyl complexes we have shown that a smaller P-M-P angle results in less 

stericc interaction of the ligand with the coordinated substrate. In the same way, the smaller 

bitee angle in the case of Ni(cod)(5) favors coordination of styrene giving all four possible 

nickel(Pi-P2)(styrene)) complexes according to 31P{'H}  NMR. 

Att 100 °C the resonances observed in the 31P{  *H}  NMR spectra for the Ni(la)(styrene) 

complexess are broadened and shifted towards each other. Variable temperature experiments 

showw that the diastereomers are in slow exchange. The exchange of diastereomers is not as 

fastt as Casalnuovo et al. have observed with their diphosphinite ligands.5 In the 31P{'H} 

NMRR spectra the resonances of the diastereomers start to broaden at 30 °C. No 

decompositionn is observed at 100 °C. 

5.2.33 Catalysis 

Thee nickel-catalyzed hydrocyanation of styrene was investigated using ligands 1-5. 

Thee reaction was performed in toluene at 60 °C in the presence of a catalyst generated in situ 

fromm [Ni(cod)2] and 1.05 equivalent of the appropriate ligand. To assure chelate formation, 

alll  reactions were performed after a catalyst complex preformation time of 0.5 hours. The 

reactionn proceeded with reasonable conversions (2-67%) within 17 hours and the only 

productt detected is the branched isomer (7), whose formation is strongly favored over the 

linearr one (8) (Scheme 5.2). This regioselectivity has been attributed to stabilization of the 

branchedd alkyl intermediate by a T|3-benzylallylic interaction of the nickel.31 

CN N 
-- HCN 1 . C N 

P r i ^^ catalyst" P r i ^ + P r T ^ ~ " 

66 7 8 

Schemee 5.2 

Twoo different HCN-donors were compared in the hydrocyanation reaction using 

ligandss la and 2c (Table 5.3). The reaction performed using HCN gave low conversions and 
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thee obtained green solutions indicated the formation of inactive Ni(Pi-P2)(CN)2. In literature, 

thee formation of Ni(Pi-P2)(CN>2 is suppressed by using high excesses of ligand,32 thus 

stabilizingg the Ni(0) species. As was already expected from the NMR studies of the complex 

structures,, using 2.1 equivalents of ligand with respect to Ni(cod)2 did not change the rate and 

enantioselectivityy . The use of chiral ligands in large excess is undesirable because of their 

pricee and the great effort needed to prepare them. 

Tablee 53 Catalytic Hydrocyanation of Styrene using Different HCN-Sourcesa 

Ligandd HCN-source Conv. ( %)b Ee ( %)c 

(Sc)-laa HCN 5 26(+) 

(Sc)-laa ACH*1 57 27 (+) 

(5p,5c)-2cc HCN 3 24(-) 

(5p,5c)-2cc ACH^ 17 23 (-) 
aa Reaction conditions: toluene (1 mL), nickel: ligand : styrene : ACH (or HCN) = 1 : 1.05 : 20: 25,60 °C, 17 h, 

catalystt preformation time = 30 minutes b Percentage conversion of styrene determined by GC.c Enantiomeric 

excesss determined by GC (CycloSil-B(JW)). Absolute configuration drawn in parenthesis. d ACH = Acetone 

cyanohydrin. . 

Thee concentration of HCN in solution is an important factor in the hydrocyanation 

reaction.. To suppress the formation of inactive Ni(Pi-P2)(CN)2, the HCN concentration 

shouldd be kept low, so we used acetone cyanohydrin, an HCN-source that releases HCN 

slowly,, in the following experiments. To prevent a high concentration of HCN in solution 

afterr addition of styrene and acetone cyanohydrin, the reaction mixture was slowly warmed 

fromfrom 25 to 60 °C. With the use of acetone cyanohydrin, no Ni(Pi-P2)(CN)2 was observed 

usingg ligands 1-2 and higher conversions were obtained. Both HCN-sources gave rise to the 

samee enantioselectivity. Similar results were obtained with nickel catalysts containing 

DI0pi3,333 and BEMAPHOS.14 With ligands 3-5, the Ni(Pi-P2)(CN)2 species was formed with 

bothh HCN and acetone cyanohydrin. This seems to be related to the fact that they all have a t-

butyll  substituent at the phosphine moiety. Since the rate limiting reductive elimination of the 

alkyl-cyanidee should be slower using these more electron-donating ligands,34-36 the 

formationn of the inactive species wil l be favored. 
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(Sc)-la a 

(Sc)-la a 

(5c)-la a 

(Sp,*c)-lb b 

(5c)-2a a 

(5P,5c)-2b b 

(5P,5c)-2c c 

24 4 

40 0 

60 0 

60 0 

60 0 

60 0 

60 0 

Tablee 5.4 Catalytic Enantioselective Hydrocyanation of Styrene using ligands 1 and 2a 

Ligandd T [°C] Conv. [%jb Ee [%f 

199 34 (+) 

300 30 (+) 

577 27 (+) 

399 32 (+) 

677 25 (-) 

188 22 (-) 

177 23(-) 
aa Reaction conditions: toluene (1 mJL), nickel: ligand : styrene : ACH = 1 : : 1.05 : 20 : 25, 60 °C, 17 h, catalyst 

preformationn time = 30 minutes b Percentage conversion of styrene determined by GC. c Enantiomeric excess 

determinedd by GC (CycloSil-B(JW)). Sense of optical rotation drawn in parenthesis. 

Thee reactions went to completion after longer reaction periods of 41 hours. Using 

ligandd la the reaction temperature was varied from 24 to 60 °C (Table 5.4). At 24 °C the 

reactionn gave 34 % ee and 19 % conversion within 17 hours. As often encountered with 

enantioselectivee reactions, the ee decreased at higher temperatures (27 % ee at 60 °C), but the 

reactionn rates increased (57 % conversion at 60 °C) (Table 5.4). 

Thee results of the enantioselective hydrocyanation reaction of styrene using ligands 1-2 

aree presented in Table 5.4. The use of ligands 1, having two aryl substituents at the phosphine 

moiety,, leads predominantly to the (+)-enantiomer. Using nickel complexes containing 

ligandss 2 resulted predominantly in the (-)-enantiomer. If we compare ligands 1 and 2, the 

substituentss at the carbon stereocenter point in an opposite direction.25 From these results, we 

concludee that the stereocenter on the linker mainly determines the enantioselectivity of the 

reaction.. Since the substituent of the stereocenter on the bridge is not in close vicinity to the 

nickel-styrenee complex, we propose that the biphenyl moiety, which is in closer vicinity to 

thee styrene group in the Ni(Pi-P2)(styrene) complex, controls the enantioselectivity of the 

hydrocyanationn reaction. In earlier work we have shown that the configuration of the 

atropisomericallyy chiral biphenyl moiety at the phosphite is controlled by the adjacent 

stereocenter.21_24 4 
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Usingg ligand 2a, a somewhat higher enantioselectivity was observed than with ligands 

2bb and 2c. The larger naphthyl and anisyl substituents at the phosphine moiety do not have a 

positivee influence. However, using ligands l b and 2b, which are diastereomers, the 

enantioselectivityy increases from 22 % with ligand 2b to 32 % with ligand lb. Although the 

effectt is rather small, we attribute this enhancement to a cooperative effect of the stereogenic 

phosphinee moiety and the stereocenter on the linker. Use of ligand lb, which has the matched 

combinationn of the two stereocenters, results in a higher ee than with ligand 2b, the 

mismatchedd combination of stereocenters. We have previously described more distinct 

cooperativee effects using phosphine-phosphite ligands.23-24 

Usee of ligands la and 2a, which have opposite orientation of the substituents on the 

stereocenterr of the backbone (respectively methyl and phenyl substituents) resulted in a 

similarr ee, but opposite configuration of product. With ligands 2b and 2c, which have larger 

substituentss at the phosphine moiety, the rate of reaction was decreased. 

Usingg ligands 3-5 the conversions were very low and the measured ee's were therefore 

nott accurate. In agreement with literature, the electron deficient nickel catalysts containing 

ligandss 1-2 give higher rates in the hydrocyanation than an electron rich nickel.5-20 

Thee observed catalyst resting state, species (B), differs from the catalyst resting state 

reportedd by Casalnuovo et al.5 Substitution of cod from the Ni(Pi-P2)(cod) (A) complexes by 

additionn of styrene resulting in Ni(Pi-P2)(styrene) complexes (B) indicates that pathway I is a 

plausiblee mechanistic route. Even in presence of HCN, the complexes (B) are the only 

speciess observed using our ligands as was detected by unlocked 31P{1H}  NMR of the reaction 

mixturee after catalysis. Since with our ligands the formation of the Ni(Pi-P2)(styrene) 

complexx (B) is favored over the (r|3-benzylallyl)nickel cyanide (D), we conclude that species 

(B)) is the resting state of the catalytic reaction. The resting state clearly depends on the 

propertiess of the ligands. In spite of the fact that the ligands are very flexible, they will favor 

aa large bite angle and therefore, the tetrahedral complex (B) is stabilized, whereas the square 

planarr Ni(II ) complex, favoring a bite angle of 90°, is destabilized. Another important factor 

governingg the resting state is the electronic character of the ligand donor atoms. Addition of 

styrenee to the Ni(la)(cod) species resulted in the formation of Ni(la)(styrene), whereas 

styrenee is not able to displace cod in the Ni(diphosphinite)(cod) species reported by 

Casalnuovoo et al..5 The phosphine-phosphite complex enhances the alkene coordination. A 

disadvantagee of the use of our ligands is that the more electron-rich nickel complexes retard 
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thee reductive elimination, which results in a slower reaction.5'37'38 From this we conclude that 

thee equilibrium distribution of complexes (B), (C) and (D) is shifted towards complex (B). 

533 Conclusions 

Wee have investigated two intermediates of the catalytic cycle of the asymmetric 

hydrocyanationn reaction, the Ni(Pi-P2)(cod) (A) and Ni(Pi-P2)(styrene) (B) complexes. 

Complexx (B) is the only species observed by 31P{  !H}  NMR spectroscopy during the reaction. 

Wee conclude that this is the resting state of the catalytic cycle. The electron-rich nickel 

complexx and the large bite-angle stabilize complexes (B) and (C). 

Thee moderate enantioselectivity in the catalytic hydrocyanation reaction could be due 

too the slow exchange of the diastereomeric electron-rich Ni(la)(styrene), as illustrated by the 

sloww exchange of the diastereomers at 100 °C, and the low reaction rate. 

5.44 Experimental Section 

Computationall  details 

Alll  calculations were performed on a silicon graphics workstation using the 

commerciallyy available SPARTAN program (version 5.0.3). The geometry optimization was 

performedd on the semi empirical pm3(tm) level. 

Generall  Considerations. 

Chemicalss were obtained from Acros Chimica and Aldrich Chemical Co. All reactions 

weree carried out in blow-dried glasswork using standard Schlenk techniques under an 

atmospheree of Argon. Toluene was distilled from sodium/benzophenone. THF was distilled 

fromm sodium/benzophenone. NMR spectra were obtained on Varian Mercury 300 and 400 

spectrometers.. 31P{!H}  spectra were measured ^-decoupled unless stated otherwise. TMS 

wass used as a reference for lH and H3PO4 for 31P{1H}  NMR. Gas chromatographic analyses 

weree run on an Interscience HR GC Mega 2 apparatus (split/splitless injector, J&W 

Scientific,, DB-1 J&W 30m column, film thickness 3.0 Jim, carrier gas 70 kPa He, FID 

detector)) equipped with a Hewlett-Packard Data system (Chrom-Card). Enantiomeric 

excessess were measured on a Carlo Erba Vega 6000 gas chromatograph, J&W Scientific, 
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CycloSil-B(JW)) column, film thickness 0.25 p-m, carrier gas 80 kPa He, FID detector) 

equippedd with a Hewlett-Packard Data system (Chrom--Card). 

Catalyticc hydrocyanation of styrene 

Caution!!  HCN is a highly toxic, volatile liquid (bp 27 °C) that is also susceptible to 

explosivee polymerization in the presence of base. It should be handled only in a well-

ventilatedd fume hood or dry-box by trained personnel. Sensible precautions include not 

workingg alone and having available proper first aid equipment and HCN monitors. 

Uninhibitedd HCN should be stored at a temperature lower than its melting point (-13 °C). 

Acetonee cyanohydrin is less volatile, but just as dangerous, since it will release HCN easily. 

Inn a typical experiment, a bright yellow solution of [Ni(cod)2] in toluene (1.0 mL, 0.327 

mM)) was added to a Schlenk tube containing a stirring bar and ligand (0.343 mmol, 1.05 

equiv.).. The solution was stirred for 30 min at room temperature to ensure complete 

formationn of the catalyst precursor. Then styrene (76 uj, 6.54 mmol) was added. Liquid HCN 

(322 ul, 8.18 mmol) or acetone cyanohydrin (75 p.1, 8.18 mmol) was added at once at -50 °C 

orr 25 °C, respectively, and the tube was placed in a heating bath. The bath was heated slowly 

too 60 °C within 1 hour. After 17 hours at 60 °C the excess of HCN was removed by a gentle 

streamm of argon, solid particles were removed by centrifugation and the remaining solution 

wass analyzed with temperature controlled gas chromatography. The ee was determined by 

chirall  GC (fR = 11.25 min ((+)-enantiomer), fR = 11.89 min ((-)-enantiomer)). 

NMR-Experiments s 

Preparationn of Ni(Pi-P2)(cod) complexes 

Inn a typical experiment, a Schlenk tube containing a stirring bar was loaded with ligand 

(0.3433 mmol, 1.05 equiv.). A benzene-de solution of Ni(cod)2 (9.0 mg, 0.327 mmol) was 

addedd using a Teflon cannula. The red-orange mixture was stirred for 10 minutes and 

transferredd into a NMR-tube. 3,P{1H}  NMR spectra were recorded (See Table 5.1). 

Preparationn of Ni(la)(ethene) complex 

Ethenee was bubbled through a solution containing Ni(Pi-P2)(cod) in the NMR-tube, 

whichh was shaken frequently for 2 hours. Subsequently, a 3lP{1H}  NMR spectrum was 

recorded. . 
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Ni(la)(ethene)::  31P{!H}  NMR (C6D6) 5 164.52 (d, 7 = 71.2 Hz), 17.31(d, J = 71.2 Hz). 

Preparationn of Ni(Pi-P2)(styrene) complexes 

Styrcnee (76 \il, 6.54 mmol, 20 equiv.) was added to a NMR-tube containing Ni(Pj-

P2)(cod)) and it was shaken frequently for 2 hours. Subsequently, a 31P{!H}  NMR spectrum 

wass recorded. 

Ni(la)(styrene)::  Three complexes (ratio = 0.54 : 0.38 : 1): 3iP{lU} NMR (CAOS 

166.411 (d, J = 75.7 Hz), 12.03 (d, J = 75.7 Hz); 165.75 (d, J = 74.2 Hz), 18.63 (d, J = 74.2 

Hz);; 158.65 (d, J = 70.0 Hz), 21.13 (d, J = 70.0 Hz). 

Ni(lb)(styrene)::  Three complexes (ratio = 0.76 : 0.46 : 1): ^P^H}  NMR (QD^S 

170.522 (d, J = 71.3 Hz), 10.22 (br signal); 167.18 (d, J = 63.9 Hz), 14.13 (d, J = 63.9 Hz); 

160.755 (d, J = 72.7 Hz), 10.22 (broad signal). 

Ni(2a)(styrene):: Three complexes (ratio = 1 : 0.75 : 0.78): 3,P{ lH}  NMR (C£>6)8 

171.566 (d, J = 69.7 Hz), 9.10 (d, J = 69.7 Hz); 171.56 (d, 7= 68.0 Hz), 9.43 (d, J = 68.0 Hz); 

160.966 (d, J = 69.0 Hz), 17.65 (d, J = 69.0 Hz). 

Ni(2b)(styrene)::  Three complexes (ratio =1 : 0.14 : 0.35): 31P{!H}  NMR (QDiOS 

168.322 (d, J = 77.3 Hz), 9.07 (d, J = 77.3 Hz); 166.84 (d, / = 74.3 Hz), other doublet was not 

observed;; 160.76 (d, J = 72.8 Hz), 14.09 (d, J = 72.8 Hz). 

Ni(3b)(styrene)::  Three complexes (ratio = 0.56 : 1 : 0.72): 31P{]H}  NMR (QD^S 

173.399 (d, J = 71.2 Hz), 21.83 (d, J = 71.2 Hz); 172.47 (d, J = 72.8 Hz), 23.55 (d, J = 72.8 

Hz);; 160.82 (d, J = 65.4 Hz), other doublet was not observed. 

Ni(5)(styrene)::  Four complexes (ratio = 0.58 : 1 : 0.95 : 0.57): 31P{1H}  NMR (QA.) 5 

159.611 (d, J = 68.4 Hz), 37.12 (d, J = 68.4 Hz); 158.02 (d, J = 69.7 Hz), 36.48 (d, J = 69.7 

Hz);; 153.96 (d, / = 65.2 Hz), 44.06 (d, J = 65.2 Hz); 151.64 (d, J = 65.4 Hz), 43.22 (d, / = 

65.44 Hz). 

Preparationn of Ni(la)(styrene) complex using Ni(Br) 2 

Styrenee (12 pJ, 0.10 mmol, 3 equiv.) and Zn-dust (6.7 mg, 0.10 mmol, 3 equiv.) were 

addedd respectively to a suspension of NiBr2 (7.5 mg, 0.034 mmol) and ligand la (23.9 mg, 

0.0344 mmol) in THF (2 mL) and the reaction mixture was stirred for 2 hours, at room 

temperature.. After addition of benzene-do to the brown reaction mixture a 3!P{1H}  NMR 

spectrumm was recorded. The same Ni(la)(styrene) species was observed in the 31P{  ]H}  NMR 

spectrumm as described above. 
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