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Abstract

:

The nickel-catalyzed addition of Hydrocyanic acid (HCN) to butadiene usually leads to a mixture of the branched 2-methyl-3-butenenitrile (2M3BN) and the linear 3-pentenenitrile (3PN) with a 30:70 ratio by employing mono-dentate phosphites, while a 97% selectivity to 3PN is obtained using a 1,4-bis(diphenyphosphino)butane (dppb) ligand and Ni(COD)2 (1,5-Cyclooctadiene) as catalysts. To explain this phenomenon, a reasonable mechanism of the hydrocyanation, involving the cyano (CN) migration (for 3PN) and the methylallyl rotation (for 2M3BN) pathways, is proposed. The key intermediates and the rate-determining steps in the pathways have been illustrated. The methylallyl rearrangement is the rate-determining step in the formation of 3PN while the reductive elimination governs the reaction to 2M3BN, which is subsequently isomerized to 3PN. Moreover, the opposite changes of the bite angle of the intermediates and transition states explain how the reactions proceed in two different directions.
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1. Introduction


The hydrocyanation of alkenes is one of the most important applications of homogeneous catalysis in industry [1,2,3]. Additionally, the DuPont process, which forms the basis of an industrial process for the manufacture of adiponitrile (ADN), is an early successful example of homogeneous catalysis application [4]. Typically, the DuPont process consists of three steps, as shown in Scheme 1. The nickel-catalyzed hydrocyanation of butadiene (BD) leads to a mixture of the branched 2-methyl-3-butenenitrile (2M3BN) and the linear 3-pentenenitrile (3PN). In the second step, the undesirable 2M3BN is catalytically isomerized to the desired 3PN, employing Lewis acid as a co-catalyst. The last step is the isomerization of 3PN to 4-pentenenitrile (4PN) and its hydrocyanation to ADN. Although the toxicity of Hydrocyanic acid (HCN) requires a special experimental setup and the excess HCN causes the deactivation of the NiL4 catalyst (L = phosphite) [5], the excellent atom economy and the inexpensive feedstocks (BD and HCN) are still great advantages of the DuPont process in relation to its practical application.



The use of a nickel catalyst is intriguing due to its high effectiveness and cheapness in the DuPont process. One of the key issues is the development of new ligands to increase the catalytic activity and improve the 3PN selectivity. Originally, mono-dentate phosphites have been very popular and widely utilized, such as tri-p-tolyl phosphite and tri-m-tolyl phosphite [5,6]. In the past few years, many efforts mainly aiming to modify ligands with efficient function have been made to improve the performance of the nickel catalysts in the catalytic hydrocyanation reaction. An important step is the utilization of bidentate ligands, such as diphosphites [7], that lead to a high conversion of 2M3BN and excellent selectivity to 3PN.



Thanks to the meticulous work of Tolman [8,9,10,11], Vogt [12,13,14,15] and Jones [16,17,18,19] et al., many of the experimental variables and mechanistic aspects of the hydrocyanation reaction using a nickel-phosphite catalyst are well understood. Lewis acid (LA), such as ZnCl2, BPh3 or AlCl3, is an essential co-catalyst for the rapid completion of catalytic steps (Scheme 1) [20]. Solvent effects show to be an effective tool for controlling the linear/branched ratios in the isomerization of 2M3BN [18]. Furthermore, using NiL4 as the catalyst precursor, the reaction pathways of the hydrocyanation of butadiene have been proposed [4]. As shown in Scheme 2, one ligand L dissociates first from NiL4 to produce the reactive intermediate NiL3. Then, the oxidative addition of HCN affords five-coordinated cyano hydride complex A. Further, another ligand dissociation (complex B) promotes the insertion of butadiene into the nickel hydride bond, forming the methallyl complex C. From this species, subsequent reductive elimination takes place yielding the linear or branched cyano-olefin complexes D or F. Following an associative process via complexes E or G, the catalyst initializes the second catalytic cycle, releasing the branched 2M3BN and linear 3PN.



In the isomerization of 2M3BN, there are two generally accepted mechanisms: (a) the dehydrocyanation and rehydrocyanation mechanism [20] and (b) the rearrangement via methylallyl intermediate mechanism [21] (Scheme 3). Experiments that use deuterated 2M3BN give rise to 3PN-d with statistical deuteration at C-2 and C-5 [20] and are consistent with the dehydrocyanation pathway (Scheme 3a). However, Sabo Etienne proposes the rearrangement mechanism based on the isolated Ni(η3-1-Me-C3H4)(CN)(dppb) complex, (dppb: 1,4-bis(diphenyphosphino)butane) involving the following steps: (i) the coordination of 2M3BN with a nickel atom via its C=C bond, (ii) C-CN bond breaking and formation of a σ-allyl species (oxidative addition), (iii) isomerization to π-allyl species and σ-allyl formation (rearrangement), (iv) C-CN bond coupling to 3PN coordination (reductive elimination) (Scheme 3b) [21]. In addition, Density Functional Theory (DFT) calculations support that the isomerization is initiated with the C-CN bond cleavage (oxidation addition), followed by methylallyl rotation and C-CN bond reformation (reductive elimination) in the isomerization of 2M3BN to 3PN [22,23].



Recently, the unprecedented selectivity to 3PN of up to 97% has been obtained using the dppb ligand in the hydrocyanation of butadiene, which shows highly practical application and inspires us to achieve a thorough understanding by in-depth mechanistic studies. Although the mechanism for the NiL4 catalyzed hydrocyanation [6] and the reactive pathway of the isomerization of 2M3BN to 3PN [20,21] have been reported, the hydrocyanation of butadiene employing dppb remains unknown. Therefore, the fundamental steps in the nickel-dppb catalyzed hydrocyanation process need further theoretical investigation. In this work, insight into the reaction mechanism and the comparison of different reactive pathways have been achieved by using DFT calculations.




2. Results and Discussion


The general mechanisms for Ni(dppb)-catalyzed hydrocyanation are shown in Scheme 4. The process begins with dppb-coordinated Ni(COD) complex I0. The other biolefin ligand COD is replaced by HCN to form the HCN-coordinated intermediate I1, in which the C=N group is coordinated with the Ni atom. Then, the olefin-coordinated cyano nickel hydride intermediate I3 is generated following the oxidative addition of HCN. Subsequent olefin insertion into the Ni-H bond generates the intermediate I5 with a tetrahedral configuration, which is a key intermediate in the reaction pathways. Finally, the methylallyl rearrangement and C-CN bond formation by reductive elimination occurs to give intermediates I9 and I13, which yields 3PN and 2M3BN, respectively. Alternatively, intermediate I13 could be generated by methylallyl rotation and a different reductive elimination. With the proposed pathways in hand, DFT calculations were performed to reveal the mechanism of this nickel-catalyzed hydrocyanation.



2.1. HCN Addition and Butadiene Insertion


The free energy profiles (ΔG (kcal/mol)) for the initial steps of this nickel-catalyzed hydrocyanation are shown in Scheme 5. Additionally, their configurations are depicted in Figure 1. The (COD)Ni(dppb) intermediate I0 is generated through a ligand exchange reaction with dppb, and its relative energy is set to a relative zero value. At the beginning of the reaction, the combination order of HCN and butadiene is considered. When HCN firstly combines with a nickel atom, HCN replacing the other COD in I0 leads to intermediate I1 in an exothermic process. The relative energy of intermediate I1 is −9.6 kcal/mol, which is lower than that of the intermediate formed by butadiene via the same process (−6.8 kcal/mol) (see Appendix A and Appendix B). Therefore, the former pathway is selected, as it is thermodynamically favorable.



Then, the oxidative addition of HCN forming hydrido nickel cyanide complex (intermediate I2) takes place and the relative free energy of transition state TS1-2 is only −1.7 kcal/mol. Next, direct coordination of butadiene occurs to form olefin-coordinated cyano nickel hydride intermediate I3, here, the coordination mainly refers to the bonding of butadiene via its C=C bond. Since the butadiene molecule has two terminal double bonds, it is possible for nickel to coordinate to either C=C bond to form the olefin complex. Both of the coordination modes (I3 and I4) and their transition state (TS3-4) are considered, as shown in Scheme 5. From the DFT calculation results, the coordination preference is explained by the relative energies of the species that is formed upon bonding the substrate to the nickel atom. Despite the small difference (within 0.4 kcal/mol) between the relative energies of I3 and I4, the configuration corresponding to a lower relative energy (I4) is selected for subsequent reactions. After the intermediate I4 is formed, a following olefin insertion into the Ni-H bond takes place via transition state TS4-5 to form methylallyl-coordinated nickel intermediate I5, with a barrier of 9.3 kcal/mol. Starting from I5, two different reaction pathways to generate 3PN and 2M3BN, respectively, are proposed. The following elementary steps in the proposed mechanism have been depicted in Scheme 5.




2.2. Mechanism of the Formation of 3PN


As shown in Scheme 5 (red line), after intermediate I5 is formed, subsequent CN migration occurs via transition state TS5-6, with a barrier of only 10.7 kcal/mol, to afford quadrilateral intermediate I6. Then, the methylallyl rearrangement from an internal carbon coordination to a terminal carbon coordination takes place via transition state TS6-7 to generate intermediate I7. The relative free energy of that transition state is 12.6 kcal/mol, which is the highest value in the whole reaction pathway. Therefore, the methylallyl rearrangement is the rate-determining step in the formation of 3PN. Next, the CN group migrates to its initial location, and simultaneously, the C=C of the methylallyl combines with nickel via transition state TS7-8, with a barrier of only 7.1 kcal/mol. Finally, a reductive elimination via transition state TS8-9 affords intermediate I9, which subsequently gives the product 3PN.




2.3. Mechanism of the Formation of 2M3BN


Moreover, we have performed calculations for another pathway, which also starts from intermediate I5. As shown in Scheme 5 (blue line), I5 can also undergo a pathway followed by the rotation of methylallyl to finally generate the branched product 2M2BN. The detailed pathway is described as follows. The transition state TS5-10 connects the I5 to the I10 and lies at 5.5 kcal/mol, which is lower in energy than TS5-6. This shows that the rotation of methylallyl is favored over the CN migration, with a barrier which is 10.7 kcal/mol. In I10, the nickel coordination site has a pseudo-tetrahedral geometry, coordinating to both phosphorus atoms in dppb, the methylallyl group and the CN group. Following the rotation, another transition state, TS10-11, is obtained. Actually, it is the reductive elimination step that subsequently forms 2M3BN. Then, the configuration of intermediate I11 changes to intermediate I12 via the C-C bond rotation with an unexpectedly low barrier. Finally, the coordination of the formed 2M3BN via its C=C bond with Ni atom, replacing its C=N coordination, affords a more stable intermediate I13. In addition, 2M3BN can be directly generated via the reductive elimination of intermediate I6 and forming a C-CN bond. However, the relative free energy for this transition state is as high at 27.1 kcal/mol (see Appendix A and Appendix B). Therefore, this pathway is ruled out. Furthermore, the relative free energy of the rate determining step (TS5-10) is 15.1 kcal/mol. Compared with the highest relative free energy in the pathway for forming 3PN, the computational results show that the generation of 2M3BN is unfavorable kinetically. It is worth mentioning that the experimental results show that the molar ratio of 3PN to 2M3BN in the hydrocyanation as 97:3, while our computational results reveal that the relative energy difference between the two rate determining steps during the reaction is only 2.5 kcal/mol. The unequal relationship between the reaction rate and the energy barrier indicates that the isomerization of 2M3BN occurs in the reaction system.




2.4. Isomerization of 2M3BN to 3PN


The catalytic isomerization of 2M3BN, a model reaction in the DuPont process, has been performed using Ni(COD)2 and dppb as a catalyst. The best result has been obtained, with 2M3BN reaching a conversion rate of 93.4%, and the selectivity to 3PN is excellent with 99% at 1 h [23]. To the best of our knowledge, the selectivity to 3PN is the highest for the isomerization of 2M3BN. This result inspires us to believe that there could be an isomerization reaction in the process of butadiene hydrocyanation, that is, the generated branched 2M3BN is rapidly isomerized to linear 3PN under the same catalytic system, thus making 3PN the main product of the hydrocyanation.




2.5. Key Intermediate I5


As mentioned above, there are two reaction pathways (the CN migration and the methylallyl rotation) starting from intermediate I5, which correspond to the production of 3PN and 2M3BN. Therefore, intermediate I5 can be regarded as a key intermediate. The bite angle (β) is a key parameter for evaluating the steric effect of a phosphorus ligand. In order to further explain the two pathways, the configurations of intermediates and transition states after intermediate I5 are studied, and their bite angles are shown in Figure 2. The β of the intermediates and transition states in the pathway to the product 3PN (red line) is significantly smaller than that of the intermediates or transition states appearing in the pathway to generate 2M3BN (blue line). In addition, the configurations of intermediates and transition states are quadrilateral in the pathway of forming 3PN, such as intermediate I6 (Figure 3) and transition state TS6-7, which is the reason why their bite angles are close to 90°. In the pathway for the formation of 2M3BN, pseudo-tetrahedral configurations of the intermediates and transition states are found, such as intermediate I10 (Figure 3) and transition state TS10-11, which correspond to larger bite angle. Therefore, using dppb as a ligand, the effect of bridge moiety in the ligand skeleton on the catalytic pathway is revealed. The bite angles of the intermediates or transition states with flexible ligand skeletons are varied during the catalytic reaction instead of maintaining it in a small range. Different bite angles make the reaction proceed in different and reasonable directions.





3. Materials and Methods


All of the DFT calculations conducted in this study were carried out using the Gaussian 09 series of programs [24]. Firstly, To determine the right density functional, we optimized the geometry of the intermediate Ni(η3-1-Me-C3H4)(CN)(dppb) complex [21] using B3LYP, B3LYP(D3), M06-2X, M11-L and ωB97XD, based on its crystal data. Density functional M11-L [25], proposed by Truhlar et al., with a standard 6-31G(d) [26,27] basis set (SDD [28] basis set for Ni), could provide great accuracy in energy information for its most realistic description of the geometry of the intermediate, which was the foundation of gaining proper free energy and vibration analysis [23]. In the calculation, all molecules have charges of zero and spin multiplicities of one (Charge = 0, Multiplicity = 1). Harmonic vibrational frequency calculations were performed for all stationary points to confirm them as local minima or transition structures and to derive the thermochemical corrections for the enthalpies and free energies. The same DFT method was used with a 6-311G+(d, p) basis set [29,30,31] (SDD basis set for Ni) to calculate the single-point energies. Solvent effects were taken into consideration using single-point calculations based on the gas-phase stationary points with a SMD continuum solvation model [32]. The energies presented in this paper are the M11-L/6-311+G(d, p) calculated Gibbs free energies in cumene [33], with M11-L/6-31G(d) calculated thermodynamic corrections. The CYLview [34] was employed to represent the intermediates. In addition, atomic coordinates of intermediates and transition states are provided in Supplementary Materials (Table S1).




4. Conclusions


In the DuPont process for hydrocyanation of butadiene, the reaction mechanism using a nickel complex with a mono-dentate phosphorus ligand as the catalyst has been reported; however, reports on research using a diphosphine ligand, especially the reaction mechanism, are limited. In this paper, a reasonable reaction mechanism of the hydrocyanation is proposed, and the key intermediate and the rate-determining steps in the reaction have been illustrated. For the hydrocyanation reaction of butadiene using Ni(dppb), the mechanism involving the CN migration (for 3PN) and the methylallyl rotation (for 2M3BN) pathways have been proposed based on DFT calculations. I5 is the key intermediate for there are two changes in its configuration. In the following pathways, the methylallyl rearrangement is the rate determining step in the formation of 3PN while the reductive elimination governs the reaction to 2M3BN, which is subsequently isomerized to 3PN. Further research shows that in the above two reaction pathways, the bite angle of the intermediates and transition states has the opposite trend due to the flexibility of the dppb ligand skeleton. Therefore, the selectivity of the reaction can be controlled by changing the rigidity of the ligand backbone.
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Appendix A


Here, the direct combination of butadiene and the catalyst is considered, and its structure is shown in Figure A1 in Appendix B, the corresponding energy is −6.8 kcal/mol.



While dppb replaces the COD in I0 to form the bis-chelate intermediate (Ni(dppb)2) (see Figure A1 in Appendix B), with a relative energy of 7.31 kcal/mol. Compared with the relative energy of intermediate I1 (−9.6 kcal/mol), the generation of Ni(dppb)2 is thermodynamically unfavorable.



In addition, to form 2M3BN, the directly forming C-CN bond via reductive elimination of intermediate I6 is another pathway. Its structure is depicted in Figure A1. However, the relative free energy of this transition state is as high as 27.1 kcal/mol. Therefore, this pathway is ruled out.




Appendix B




[image: Catalysts 10 00818 g0a1 550] 





Figure A1. The structure of the intermediate IBUT, transition state TS and Ni(dppb)2. 






Figure A1. The structure of the intermediate IBUT, transition state TS and Ni(dppb)2.
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Scheme 1. The DuPont process. 
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Scheme 2. Mechanism of the hydrocyanation of butadiene using NiL4 as a catalyst. 
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Scheme 3. Mechanism of the 2M3BN isomerization. (a). the dehydrocyanation and rehydrocyanation mechanism, and (D) represents deuterium. (b). the methylallyl rearrangement mechanism. 
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Scheme 4. Mechanism of hydrocyanation using Ni-dppb complex as catalyst. 
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Scheme 5. Detailed mechanism of hydrocyanation using Ni-dppb complex as a catalyst. 
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Figure 1. Intermediates and transition states appear in HCN addition and butadiene insertion. 
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Figure 2. The bite angle of the intermediates and transition states. 
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Figure 3. The structure of the three intermediates (I5, I6 and I10). 






Figure 3. The structure of the three intermediates (I5, I6 and I10).



[image: Catalysts 10 00818 g003]








© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  catalysts-10-00818


  
    		
      catalysts-10-00818
    


  




  





media/file8.jpg
3PN

2M3BN

HCN

&
_Ni(coD)

r/ﬂccu






media/file11.png
AG(kcal/mol)

A7 A
\Ni-"‘CN | NC\NL

NiZ )_Ni‘:CN NI i=CN Ni Ki ON
L gy " > R ¥ FE ¥
|
5 T35£ Is 7-8 Ia Tss-s I9
g TS
He-Niz=CN 10-11
PP
(=20 Tsa-4
g H---CN
NI \Ni/ 7.9
e &
0
0.0 TS1-2 |3
-1.7 2.3
o
1
| 2 H--}N|<CN T
; REDP Hv-Ni==CN
7\
_9 '89 P\j
Heo= H CON
C=N \Ni/
Ni /N
o7 N\ R S

Niz=CN /Ni:\-cm ”'#/Ni:-\-cw
S F ek
| TS |





media/file6.jpg
(a). Dehydrocyanation-rehydrocyanation mechanism

e, P 2
‘N—- ¥ |3 ’/‘\;/(Q'
oy D-Ni-CN oSN
2M3BN 3PN

(b). Methylallyl rearrangement mechanism
P,

\

2M3BN

P






media/file1.png
IsuT TS Ni(dppb):

—6.8 kcal/mol 27.1 kcal/mol 7.3 kcal/mol






media/file13.png





media/file10.jpg
AG(kcalimol)






media/file7.png
(a). Dehydrocyanation-rehydrocyanation mechanism

'CN ND) 5

5 z —» + —» 5 )/4\3/@‘
B D-Ni-CN O N~ CN
2M3BN 3PN

(b). Methylallyl rearrangement mechanism

:.P\ _
/Nl-
P
CN
2M3BN
3PN
fo ey
N N7
. Ni— P”\
P CN
CN





media/file12.jpg





media/file9.png
CN

(P\N' CoD
_Ni(coD)

lo P
0 l/- HCN
3PN H
N
2M3BN p N
l4
HCN
H |
Ni— Ni— ||
p” P )
CN
| CN
13 I3





media/file14.jpg
1
" TS I 111.57°

S,
a1,

o - .24° it
99.05 i TS, 104.80°

103.68°

1 Is 3PN





media/file16.jpg
R e






media/file5.png
NiL3
/% 2—0N

NC
HNIiLsCN (A)
L
%_N”—s HNIL,CN (B) Q*CN
NC  (G) NG N\—NiL;
(E)
zNiLZCN (C)

AN e
(F) X—NiL, (D)

NC





media/file15.png
" 1s- L nise
105.53°
TS

104.77°

1213 |13

: |

3 i 9
99.05° 762 TS¢s 104.80°
103.68°

Iﬁ TS 5 3PN





media/file3.png
i CN
NiL
/ —4>

BD
CN

A~

2M3BN

3PN

NiL,

NiL,
—_—

LA

3PN 2M3BN
3PN
NiL
0N 4 NC\//\“/\CN
4PN HCN ADN





media/file17.png
Is Is | i)






media/file4.jpg
NiL,

b
)) NiLs. E—CN
l/ HCN Q
NC

HNIL,CN (A)
k L.
J—NiLs HNIL,CN (B) 2\—0»«
—NiL.
NG (©) ANF ks

(E)
Z(N\LQCN ©)

/—NiL, CN

F) N\—NiL, (D)
NC





media/file0.jpg
Toor TS Ni(dppb):

68 keal/mol 27.1 keallmol 73 keal/mol






media/file2.jpg
2M3BN

3PN






