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Abstract: 

The first theoretical investigation was provided by our DFT calculation on phosphine-catalyzed sequential an-nulation of 

2-arylmethylidene cyanoacetate and MBH carbonate. MBH carbonate was initially attacked by PMe3 to generate cation 

intermediate and carbon dioxide. Then proton abstraction of t-butoxyl anion gives t-butanol and resonance-stabilized 

zwitterionic intermediate, from which the conjugate addition and subse-quent Michael addition happens with two 

molecules of 2-arylmethylidene cyanoacetate. Next, the deproto-nation−reprotonation proceeds before SN2’ substitution 

giving desired product cyclopentane. If another molecule of cation intermediate participates in Michael addition followed 

by isomerization, intramolecular ad-dition, deprotonation−reprotonation and intramolecular SN2 substitution, another 

product diquinane with two fused five-membered ring is yielded. The deprotonation−reprotonation is rate-limiting for both 

products. This divergent transformation enables one-pot construction of five or four consecutive stereogenic centers, three 

or four new C−C bonds and one or two carbocyclic rings via [1 + 2 + 2] or [1 + 2 + 2]/[3 + 2] annulation.  
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1.Introduction 

As privileged structural subunits, cyclopentanes are ubiquitous in 

pharmaceuticals and can be found in natural products. In this field, 

functionalized cyclopentanes and diquinanes have attracted significant 

interest with selected examples of lycojaponicumin C and calyciphylline 

N [1,2] due to their effective activity in treating antibacterial, anticancer 

and rheumatic heart diseases [3,4]. In recent years, a large number of 

synthetic methods attracted significant attention for construction of these 

hot topic polysubstituted skeletons in organic synthetic community. For 

instance, Irie researched total synthesis of putative melognine [5]. 

Schneider discovered the complex taxane diterpene canataxpropellane 

[6]. Pan obtained a general strategy for taxane diterpenes [7]. There are 

also processes such as phosphine-catalyzed asymmetric organic reaction 

reported by Ni [8], asymmetric reaction catalyzed by chiral tertiary 

phosphine of Wei and heterocyclic compounds synthesis through 

nucleophilic phosphine catalysis of Huang [9,10]. 

A versatile synthon we are interested in is Morita−Baylis−Hillman 

(MBH) carbonate since it can participate in phosphine-catalyzed 

annulation bearing allylic alcohol moieties, electron-withdrawing groups 

and Michael acceptors. Chen reported transformation of MBH adducts 

from isatins catalyzed by Lewis Bases [11]. Li explored organocatalytic 

(1 + 4)-annulations of MBH adducts with electron-deficient system [12]. 

Ma and Shao summarized advances in nucleophilic Lewis Base-catalyzed 

cycloaddition for synthesis of spirooxindole, reaction of MBH 

carbonates, scope and mechanism [13,14]. However, the utilization of 

MBH carbonates is still limited in aspect of phosphine-catalyzed 

sequential or divergent [4 + 3] and solvent-controlled switchable domino 

annulation [15-17]. On the other, 2-arylmethylidene cyanoacetates are 

typical substrates in phosphine-catalyzed annulation as electron-deficient 

alkenes. Xiao developed remote Friedel−Crafts reaction with α-

heteroaryl-substituted cyclic ketones [18]. Liu realized piperidine 
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derivatives via phosphine-catalyzed (4 + 2) annulation of δ-sulfonamido-

substituted enones with 1,1-dicyanoalkenes [19]. Duan utilized allenylic 

alcohols in tandem annulation [20]. There are also continuous efforts of 

Wang group in designing phosphine-catalyzed three-component domino 

reaction.  

The progresses in rapid assemble of polysubstituted skeleton are 

sequential [3 + 2]/[3 + 2] annulation for enantioselective construction 

of bicyclo[3,3,0]octenes [21], straight-chain ω-amino-α,β-unsaturated 

carbonyl compounds [22], pyrrolo[3,4-c]quinolines via a P(NMe2)3-

catalyzed [4 + 2] annulation  [23] and 2-vinylindolines via α-

umpolung/wittig olefination/cyclization cascade process [24]. A 

breakthrough was controllable three-component domino reaction of 

activated alkenes with MBH carbonates [25]. Although densely 

functionalized cyclopentanes and diquinanes were synthesized, how 

two products were formed in divergent mode during competition 

between alternative paths? What’s the function of phosphine in initial 

activation of 2-arylmethylidene cyanoacetate? Whether SN2 

substitution or deprotonation−reprotonation is rate-limiting for the 

whole process? How two all-carbon quaternary stereocenters is 

controlled via [1 + 2 + 2] or [1 + 2 + 2]/[3 + 2] annulation in new 

carbocyclic rings? 

2 Computational details 

Structures were optimized at M06-2X/6-31G(d) level with 

GAUSSIAN09 [26]. Among various DFT methods [27], M06-2X 

functional has smaller deviation between experimental and calculated 

value than B3LYP hybrid functional [28,29]. With 6-31G(d) basis set, it 

can provide best compromise between time consumption and energy 

accuracy. It was also found to give accurate results for stepwise (2 + 2) 

cycloaddition, enantioselective (4 + 3) and Diels−Alder reaction [30,31]. 

Together with good performance on noncovalent interaction, it is suitable 

for this system [32-34]. To obtain zero-point vibrational energy (ZPVE), 

harmonic frequency calculations were carried out at M06-2X/6-31G(d) 

level gaining thermodynamic corrections at 298 K and 1 atm in 

dichloromethane (DCM). At M06-2X/6-311++G(d,p) level, the 

solvation-corrected free energies were obtained using integral equation 

formalism polarizable continuum model (IEFPCM) [35-39] on M06-

2X/6-31G(d)-optimized geometries. NBO procedure was performed with 

Natural bond orbital (NBO3.1) obtaining lone pair and bond to 

characterize bonding orbital interaction and electronic properties [40-42]. 

Using Multiwfn_3.7_dev package [43], wave function analysis was 

explored on Mayer bond order (MBO) and frontier molecular orbital 

(FMO). 

3 Results and Discussion 

The mechanism of phosphine-catalyzed sequential annulation of 2-

arylmethylidene cyanoacetate 1 with MBH carbonate 2 to cyclopentane 3 

and diquinane 4 (Scheme 1). PMe3 was selected here as model catalyst 

according to experiment. Illustrated by black arrow of Scheme 2, MBH 

carbonate 2 was initially attacked by PMe3 to generate intermediate A and 

carbon dioxide. Then the t-butoxyl anion abstracted a proton to give t-

butanol and resonance-stabilized zwitterionic intermediate B, from which 

a conjugate addition to 1 afforded intermediate C.  

Subsequently, another molecule of 1 was attacked by C via Michael 

addition to deliver intermediate D, which was transformed to intermediate 

E via deprotonation−reprotonation process. Through SN2’ substitution of 

intramolecular addition intermediate F was obtained, from which the 

elimination of PMe3 gave desired product cyclopentane 3 (red arrow). 

Alternatively, intermediate G was produced if another molecule of A was 

attacked by C. Next via proton shift, G could be isomerized to 

intermediate H, which underwent an intramolecular addition to generate 

closed five-membered ring of intermediate I. Then I was transformed to 

intermediate J via deprotonation−reprotonation. An intramolecular SN2 

substitution of J afforded another five-membered ring of diquinane 

precursor K. After the release of two PMe3 and one proton, another 

product diquinane 4 was yielded different from the case of 3 (blue arrow). 

Figure 1 listed schematic structures of optimized TSs in Scheme 2. Table 

1 gave activation energy for all steps.  

 
Scheme 1: Phosphine-catalyzed sequential annulation of 2-arylmethylidene cyanoacetate 1 with MBH carbonate 2 to cyclopentane 3 and diquinane 

4. 
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Scheme 2: Reaction mechanism of PMe3-catalyzed sequential annulation of 2-arylmethylidene cyanoacetate 1 with MBH carbonate 2 to 

cyclopentane 3 and diquinane 4.  

 

(a)  

 
(b) 
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(c) 

 

Figure 1: Relative Gibbs free energy profile in solvent phase starting from complex (a) i1, i3, i5 (b) i6 (c) i7 (Bond lengths of optimized TSs in Å). 

 

TS ΔG≠
gas ΔG≠

sol 

ts-i12  28.9  27.6  

ts-i34 3.0  5.9  

ts-i5C  5.8  2.7  

ts-i6D  6.2  3.0  

ts-DE 29.9  28.6  

ts-EF 27.8  25.6  

ts-i7G 8.9  6.7  
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ts-GH 27.4  25.3  

ts-HI 7.4  5.2  

ts-IJ 25.6  21.6 

ts-JK 19.4  15.3  

Table 1: The activation energy (in kcal mol−1) of all reactions in gas and solvent 

3.1 PMe3-catalyzed production of carbon dioxide, t-butanol and 

conjugate addition 

Initially, the complex between MBH carbonate 2 and PMe3 is taken as 

starting point i1 (black dash line of Figure 1a), from which the C1-O1 

bond is attacked by PMe3 via ts-i12 in step 1 with the activation energy of 

27.6 kcal mol−1 exothermic by -34.0 kcal mol−1 producing stable 

intermediate A and carbon dioxide CO2 binding t-butoxyl anion. The 

transition vector includes cleavage of C1···O1 and linkage of C1···P 

(2.14, 2.57 Å) (Figure S1a). Typical C1-P single bond is generated in A 

with positive charge focused on P atom.   

After the leaving of CO2, A and t-butoxyl anion assembles i3 (red dash 

line of Figure 1a), which initiates proton transfer via ts-i34 in step 2 with 

low activation energy of 5.9 kcal mol−1 exothermic by -6.2 kcal mol−1 

generating i4. Though this process, a proton of A on C1 is abstracted by 

t-butoxyl anion O2 giving t-butanol and resonance-stabilized zwitterionic 

intermediate B. The transition vector also suggests proton H1 transfer 

from C1 to O2 (1.26, 1.4 Å) (Figure S1b). Compared with cation A, B is 

neutral with positively charged P and negative C1 or C4 in resonant mode. 

After the removal of t-butanol, the addition of 1 to B forms i5 taken as 

new starting point of the following step 3 (blue dash line of Figure 1a). 

That is conjugate addition taking place via ts-i5C with activation energy 

of 2.7 kcal mol−1 affording stable intermediate C exothermic by -26.1 kcal 

mol−1. The transition vector is about nucleophilic attack of negative C4 to 

C5 and resulting elongation of C2=C4, C5=C6 double bond to single 

(2.21, 1.39, 1.4 Å) (Figure S1c). As the formation of C4-C5 single bond 

in C, the negative charge is shifted on C6 ready to initiate next step. 

3.2 Michael addition/deprotonation−reprotonation/SN2’ substitution 

Subsequently, another molecule of 1 was added with positive C7 of 

C7=C8 double bond as counterparts of previous C5=C6. Binding C and 

1, i6 is taken as the starting point for next three steps (black dash line of 

Figure 1b). Michael addition readily occurs via ts-i6D in step 4 with 

activation energy of 3.0 kcal mol−1 exothermic by -10.1 kcal mol−1 

delivering intermediate D. The transition vector corresponds to the 

approaching of carbanion C6 to alkene positive C7 along with the 

stretching of C7=C8 from double to single (2.22, 1.39 Å) (Figure S1d). 

C6-C7 single bond is available in D. 

D was transformed to intermediate E via deprotonation−reprotonation 

process. A further proton shift happens via ts-DE in step 5 with increased 

activation energy of 28.6 kcal mol−1 exothermic by -19.3 kcal mol−1. The 

transition vector reveals detailed atomic motion about proton H2 transfer 

from sp3 hybrid C4 to sp2 C1 (1.46, 1.43 Å). The change of hybrid makes  

the movement of double bond from C1=C2 to C2=C4 as well as 

negative charge shifting to C4 preparing for subsequent SN2’ 

substitution.  

An intramolecular addition of carbanion C4 to C8 proceeds via ts-EF in 

step 6 with activation energy of 25.6 kcal mol−1 exothermic by -24.4 kcal  

mol−1realizing crucial ring closure. This process is illustrated as SN2’ 

substitution according to the transition vector composed of C4···C8 

approaching and concerted C2=C4 double bond stretching to single (2.15, 

1.41 Å). Once C4-C8 single bond is completed, the five-membered 

carbocycle intermediate F is obtained, from which the elimination of 

PMe3 yields desired product cyclopentane 3.  

3.3 Michael addition/isomerization/intramolecular 

addition/deprotonation−reprotonation/SN2 substitution 

Alternatively if another molecule of A is attacked by C, i7 is located as 

starting point of next four steps (black dash line of Figure 1c). Although 

the step 4 is also Michael addition easy to occur via ts-i7G with activation 

energy of 6.7 kcal mol−1, it is required to endothermic by 4.3 kcal mol−1 

delivering intermediate G. The transition vector corresponds to the 

approaching of carbanion C6 to terminal alkene positive C9 and 

elongation of C9=C10 double bond (2.23, 1.39 Å) (Figure S1e).  

Next via proton shift of ts-GH, G could be isomerized to intermediate H 

in step 5 with activation energy of 25.3 kcal mol−1 exothermic by -7.6 kcal 

mol−1. The transition vector reveals proton transfer mode of C4···H2···C1 

(Figure S1f) just like the case of ts-DE. Similar with E, H also involves 

sp3 hybrid C1 and nucleophilic C4 undergoing intramolecular addition 

leading to the first five-membered ring of intermediate I with C4-C10 

single bond. This step 6 is via ts-HI with activation energy of 5.2 kcal 

mol−1 affording I exothermic by -11.2 kcal mol−1.  

Then I was transformed to intermediate J via 

deprotonation−reprotonation of ts-IJ in step 7 with the activation energy 

of 21.6 kcal mol−1 exothermic by -3.3 kcal mol−1. The transition vector 

corresponds to C1 donating proton H2 to C2 making the enhanced 

nucleophilic ability of itself (1.35, 1.24 Å) (Figure S1g). Thus from J, the 

final intramolecular SN2 substitution occurs via ts-JK in step 8 with a 

barrier of 15.3 kcal mol−1 exothermic by -25.8 kcal mol−1 giving the 

second five-membered ring of diquinane precursor K. Demonstrated by 

the transition vector, this process is typical SN2 substitution with swing 

of sp2 hybrid C11 between C1 and P (2.36, 2.33 Å) (Figure S1h). The 

simultaneous bonding of C1···C11 and breaking of C11···P are 

accomplished in K, from which another product diquinane 4 is produced 

after the release of two PMe3 and elimination of one proton H2 on C2. 4 

contains C1=C2 double bond and two fused five-membered ring. 

Comparatively, the deprotonation−reprotonation in step 5 is determined 

to be rate-limiting consistent for both two products 3 and 4 in phosphine-

catalyzed sequential annulation. 

4 Conclusions 

The first theoretical investigation was provided by our DFT calculation 

on phosphine-catalyzed sequential annulation of 2-arylmethylidene 

cyanoacetate and MBH carbonate. MBH carbonate was initially attacked 

by PMe3 to generate cation intermediate and carbon dioxide. Then proton 

abstraction of t-butoxyl anion gives t-butanol and resonance-stabilized 

zwitterionic intermediate, from which the conjugate addition and 
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subsequent Michael addition happens with two molecules of 2-

arylmethylidene cyanoacetate. Next, the deprotonation−reprotonation 

proceeds before SN2’ substitution giving desired cyclopentane product 

along with recovered PMe3. Alternatively, if another molecule of cation 

intermediate participates in Michael addition followed by isomerization, 

intramolecular addition, deprotonation−reprotonation and intramolecular 

SN2 substitution, another product diquinane with two fused five-

membered ring is yielded after the release of two PMe3 and one proton. 

The deprotonation−reprotonation in step 5 is determined to be rate-

limiting for both two products in phosphine-catalyzed sequential 

annulation. This divergent transformation enables one-pot construction of 

five or four consecutive stereogenic centers, three or four new C−C bonds 

and one or two carbocyclic rings via [1 + 2 + 2] or [1 + 2 + 2]/[3 + 2] 

annulation.  
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