
FULL PAPER    

 

 

 

 

 

A DFT Perspective on Diels-Alder Organocatalysts Based on 

Substituted Phosphoramides 

Jakob Wåhlander,[a] Mohamed Amedjkouh,*[a] and David Balcells*[b] 

Abstract: Phosphoramides are an interesting alternative to the 

thiourea motif that has long been used in organocatalysis. In the 

R1N(H)-P(O)(R3)-N(H)R2 formulation, phosphoramides give the 

advantage of having a third variable substituent, R3, compared to the 

two available in thioureas, and the possibility of introducing chirality 

with an asymmetric phosphorous center. In this work, we present a 

systematic computational study on the catalytic properties of these 

underexplored compounds. These studies show the catalytic 

potential of a series of substituted phosphoramides in Diels-Alder 

reactions, including the asymmetric [4+2] cycloaddition of pro-chiral 

substrates. The nature of the phosphorous-bound R3 substituent has 

a significant impact both on catalytic activity and enantioselectivity. 

Remarkably, several of the phosphoramides studied are predicted to 

be more active than the Schreiner’s thiourea organocatalyst.   

Introduction 

Figure 1. Hydrogen bonding activation of an α, β-unsaturated dienophile with 

a thiourea (left) and a phosphoramide (right). 

The proton is arguably the most common Lewis acid found in 

nature and plays a key role in both activating and orienting 

substrates for chemical reactions within enzymes1. H-bond 

donors have re-emerged as an important paradigm for 

enantioselective catalysis by electrophile activation2. Rate 

enhancement is well documented for both enzymes and protic 

solvents. For example, in the case of serine protease, this 

catalytic effect becomes stronger by simultaneous donation of 

two H-bonds1. This biocatalytic feature could be translated in the 

catalysis of a growing number of synthetically useful organic 

reactions1,3-5. 

 

The original concept was developed by Kelly et al. in the Diels-

Alder reaction catalysed by bis-phenol hydrogen bonded 

complex6. Subsequently, Etter reported on the ureas with 

electron-withdrawing substituents to build complexes with 

hydrogen bond acceptor character such as carbonyl 

compounds7. Curran also applied this approach in their studies 

of double H-bonding to promote the Claisen rearrangement8-10. 

Based on computational simulations, Jorgensen proposed a 

dual-hydration model for the accelerating effect of water in the 

Diels-Alder reaction, by analogy with the Claisen reaction11-13. 

Further theoretical investigations proved the role of H-bonding 

protic solvents in the stabilization of the endo transition state 14-16. 

  

The first application of thiourea in asymmetric catalysis was 

introduced by Jacobsen et al.17-19 revealing its efficiency in the 

Strecker reactions of N-allyl aldimines. Several features, crucial 

for the special behavior of these species, were revealed by 

Schreiner et al. 20, showing that thiourea 1 (Fig. 1, with R1 = R2 = 

meta-(CF3)2-Ph) has also a strong catalytic effect on Diels-Alder 

reactions2, 21. This molecular moiety was found consistently in 

most efficient catalysts in a whole range of organic 

transformations21-22. Furthermore, bifunctional catalysts have 

been generated by combination of the thiourea motif with 

another functional group paving the way for extensive 

improvements in this research area23-31. 

 

In the catalysis of Diels-Alder reactions, thiourea operates as a 

double H-bond donor to the carbonyl part of the α,β-unsaturated 

dienophile (Fig. 1)27, 32. By this activation mechanism, the energy 

of the LUMO is reduced significantly, yielding a lower 

cycloaddition energy barrier,24 in line with the influence of 

electron-donor and electron-acceptor groups on the kinetics 

found on previous computational studies33-34.  

 

While the thioureas have been studied extensively and have 

shown good performance, they are not without limitations. A 

prominent problem is the fact that any modification of the 

catalysts is restricted to the two substituents on the N atom (i.e. 

R1 and R2 in Fig. 1), limiting the variability of potential thiourea 

catalysts. This limitation is even more apparent when 

considering that one of the two substituents should be the meta-

(CF3)2-Ph group22. There is also the matter of the rigidness of 

the urea and thiourea core structure. It might well be possible for 

a less rigid structure to better accommodate the carbonyl 

compounds activated. Further, it is well known that the thiourea 

structures are outperformed by their urea counterparts. The urea 

structures are however not used since they have a tendency to 

self-aggregate 21, 35. Phosphoramides such as the one presented 

in Fig. 1 could potentially solve all these problems. The 

framework provides one extra point modifiable group (R3 at the 

[a]  J. Wåhlander, M. Amedjkouh 

Department of Chemistry 

University of Oslo 

P.O. Box 1033, Blindern, Oslo, 0315 Norway 

E-mail:mamou@kjemi.uio.no 

 

[b] D. Balcells 

Hylleraas Centre for Quantum Molecular Sciences, Department of 

Chemistry 

University of Oslo 

P.O. Box 1033, Blindern, Oslo, 0315 Norway 

           E-mail: david.balcells@kjemi.uio.no 

 Supporting information for this article is given via a link at the end of 

the document. 



FULL PAPER    

 

 

 

 

 

P atom), which can be used to introduce chirality (i.e. R3 ≠ R1 ≠ 

R2) for asymmetric synthesis applications. It is also a less rigid 

framework than the thiourea one. Phosphoric acids and 

phosphoric amides are well known to be able to catalyze Diels-

Alder reactions36-39 and there is at least one reported example of 

phosphoramides catalyzing Michael additions.40 Remarkably, 

the latter study proved the synthetic accessibility of 

phosphoramides and their catalytic properties. However, the 

structural modification of these compounds and their potential as 

organocatalysts in other reactions of high interest remains 

largely underexplored. In this article, we report a systematic 

computational study on the Diels-Alder reaction catalyzed by a 

series of substituted phosphoramides. The asymmetric [4+2] 

cycloaddition of pro-chiral substrates catalyzed by enantiopure 

phosphoramides was also investigated. 

 

 

Figure 2. The known thiourea-based Schreiner’s catalyst 1 and the potential 

phosphoramide organocatalysts 2-14 considered in this work. 

 

The potential organocatalyst 2 (Fig. 2) was constructed from the 

phosphoramide equivalent of 1; i.e. R1HN-P(O)(R3)-NHR2 with 

R1-2 = meta-(CF3)2-Ph and R3 = H. The structure of 2 was 

expanded into a library consisting of 13 compounds by variation 

of R3 with groups having different stereoelectronic properties, 

including either electronacceptors (e.g. CF3 and NO2) or 

electrondonors (e.g. Et and OPh) of different sizes. Thiourea 1 is 

the Schreiner’s catalyst and was chosen as a reference 

compound since its catalytic efficiency is well documented.2,21 

Compound 2 represents a special case and is, in principle, the 

most similar to the thiourea 1, and thus the best comparison 

between the C=S group of the thioureas and the P=O group of 

the phosphoramides. The 3, 12 and 13 derivatives were initially 

chosen because of their potential synthetic accessibility, since 

their phosphonate chloride forms are commercially available. 

The further modification of 3 yielded compounds 4-6, with 

bridging O, N and S atoms bearing methyl groups. A similar 

exploration was made with the series consisting of 10, 11 and 12 

with a phenyl group bound to a benzyl, thiophenol or phenol 

moiety. Strong electron withdrawing groups were also examined 

with direct bonding to P (compounds 7-9). Finally 14 was chosen 

to explore the effect of the P=S group compared to the P=O 

group. As was mentioned before, ureas were prone to self-

aggregate21 with resulting loss in effectivity at higher 

concentrations, prompting the switch to thioureas. While it is 

unknown whether this behavior occurs with P=O groups it was 

considered valuable to see if a similar solution to the problem 

was available. 

Results  

Catalytic Activity 

 

A first attempt was made to estimate the potential catalytic 

activity of the phosphoramide moiety by estimating the 

strength of the hydrogen bond to a molecule of acrolein, 

which is the dienophile in our model. For this purpose, we 

computed the Gibbs energy, ΔG⁰HB, of the associative 

reaction shown in eq. (1). 

 

catalyst + acrolein → catalyst-acrolein   ΔG⁰HB     (1) 

 

For the sake of having a reference value, this 

thermochemistry was initially computed for the Schreiner’s 

catalyst 1 (Fig. 1). As expected, in the DFT-optimized 

structure of the 1-acrolein adduct the acrolein substrate is 

bound to the RHN-C(S)-NHR moiety through a double 

H-bond (Fig. 4). Despite the stability of this adduct, which 

yielded a well-defined energy minimum in the potential 

energy surface, its formation is moderately endoergic, with 

ΔG⁰HB = 3.7 kcal mol-1. This is due to the bimolecular 

entropy penalty of eq. (1), as proven by the reaction 

enthalpy, ΔH⁰HB = -5.7 kcal mol-1, which shows the attractive 

nature of the interaction between the catalyst and acrolein. 

 

The optimization of the catalyst-acrolein adduct with 

phosphoramide 2 yielded a similar structure (Fig. 3), in 

which the RHN-P(O)(H)-NHR moiety also makes a double 

H-bond with intermolecular NH···OC distances of 2.05 and 

2.12 Å, similar to those optimized for the thiourea moiety of 

1. In line with this, the ΔG⁰HB for the formation of the 

2-acrolein adduct, i.e. 3.2 kcal mol-1, is similar to that of 

1-acrolein. 

 

The influence of the substituent attached to phosphorous (R3) 

was investigated. Despite their different stereoelectronic 

properties, both R3 = CN (small electronacceptor; 8) and OPh 

(midsize electrondonor; 12) yielded stable H-bound adducts, 

with ΔG⁰HB = 2.9 and 2.4 kcal mol-1, respectively. Interestingly, 

R3 introduces additional weak interactions between the catalyst 

and the dienophile substrate altering the relative orientation of 

the latter. This feature is well exemplified by the structure of the 

8-acrolein adduct (Fig. 3). In addition to the double H-bond 

connecting the phosphoramide to acrolein, the cyanide 
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substituent introduces short CHα···C/N contacts of 3.00 and 2.86 

Å, likely due to a CH–π interaction. This reorients the acrolein, 

which is no longer co-planar with the catalyst, in contrast with 

the structures of the 1- and 2-acrolein adducts. These 

interactions can be used to lock the position of the dienophile, 

thus showing potential for asymmetric synthesis applications 

upon introducing chirality into the system (vide infra). Once 

acrolein is H-bound to the catalyst, the Diels-Alder reaction can 

proceed with the attack of 1,3-butadiene, which is the diene in 

our model. 

 

Figure 3. From top to bottom, catalyst-acrolein adducts with 1, 2 and 8. Weak 

interactions, including hydrogen bonds, are represented with dashed lines with 

distances given in Å. Color code: green (F), yellow (S), grey (C), white (H), 

blue (N), red (O) and orange (P). 

 

 

The potential energy surface associated with the [4+2] 

cycloaddition reaction was initially explored by means of a 

relaxed energy scan starting from the 1-acrolein adduct 

(Fig. S1). The full optimization of the energy maximum 

structure yielded the 1-TS saddle point (Fig. 4). This 

transition state involves the concerted formation of the 

C1-C4 and C2-C3 bonds. Due to the presence of the 

carbonyl group in the dienophile, the interatomic distances 

of these nascent bonds, 2.85 and 2.02 Å, respectively, are 

very different, with C2-C3 being the shortest. Further, the 

H-bonds involving the thiourea moiety are preserved and 

reinforced with respect to the 1-acrolein adduct, as shown 

by the shorter distances of 1.93 and 1.96 Å. The IRC-driven 

full optimization of 1-TS yielded the H-bound adduct on the 

reactants side and the cyclohexene carbonyl on the 

products side. 

 

Figure 4. From top to bottom, [4+2] cycloaddition transition states for 

compounds 1, 2 and 8. Weak interactions, including hydrogen bonds, are 

represented with dashed lines with distances given in Å. d1-4 and d2-3 are the 

interatomic distances of the nascent bonds. Atoms are color-coded as in Fig. 4. 

 

Overall, the cycloaddition from 1-acrolein has an energy barrier 

of 23.9 kcal mol-1 and is exoergic by -21.6 kcal mol-1 (Fig. 5). 

With the aim of validating our computational model, the un-

catalyzed reaction was also characterized, yielding a higher 

energy barrier of 27.0 kcal mol-1. At 20 ºC, the difference 

between these energy barriers, i.e. 3.1 kcal mol-1, involves a 

change of two orders of magnitude in the rate constant. Further, 

the catalytic barrier predicted by our calculations, 23.9 kcal mol-1, 

is in good agreement with the results reported by Schreiner et 

al.,2 in which the barrier of a similar Diels-Alder reaction 

catalyzed by the same compound was experimentally estimated 

at 22.2 kcal mol-1.  
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Figure 5. Cycloaddition energy profile, in kcal mol-1. 

 

The transition state was also optimized for the simplest 

phosphoramide 2. The calculations converged into a structure, 

2-TS (Fig. 4), similar to that found for the thiourea derivative (1-

TS). The H-bonding to the dienophile is also reinforced relative 

to the 2-acrolein adduct, with interatomic distances of 1.90 and 

1.98 Å, and the organic part undergoing cycloaddition is also 

clearly asymmetric, with d1-4 = 2.78 Å and d2-3 = 2.03 Å. 

Compared to 1, the reaction promoted by 2 is almost equally 

exoergic by -21.2 kcal mol-1 (Fig. 5). The cycloaddition barrier is 

also lower with 2, 23.9 kcal mol-1, compared to 1, 24.1 kcal mol-1. 

However, it should be noted that the difference is not significant. 

 

Since the cycloaddition barriers for compounds 1 and 2 were 

very similar, with a difference of only 0.2 kcal mol-1, further 

modifications of the phosphoramide framework were 

investigated. The transition state was thus also optimized by 

considering the cycloaddition of 1,3-butadiene to the 8-acrolein 

adduct (R3 = CN; Fig. 4). The structure of this saddle point, 8-TS, 

is similar to that of 1-TS and 2-TS, with reinforced H-bonding 

between the phosphoramide and acrolein and the asymmetric 

rearrangement of the nascent C1-C4 and C2-C3 bonds. A 

distinct feature of 8-TS is the presence of weak interactions. The 

short CH···NC contact of 2.46 Å is consistent with a weak H-

bond between the diene and the R3 = CN group of the catalyst. 

The reaction involving compound 8 (Fig. 2) is feasible both at 

the thermodynamic and kinetic levels, with ΔG⁰ = -23.0 and 

ΔG⁰,‡ = 20.9 kcal mol-1 (Fig. 5). The later barrier is not only lower 

than that of the un-catalyzed reaction, but also lower than that of 

1. These data thus suggest that the phosphoramide moiety can 

be used to develop organocatalysts with similar or higher activity 

than those based on thiourea. The barrier was also determined 

for 12, for which, in contrast with 8, R3 = OPh has larger steric 

bulk and electrondonor character. Interestingly, despite these 

different stereoelectronic properties, 12-TS involves a 

cycloaddition barrier of 22.2 kcal mol-1, very similar to that of 8, 

likely due to attractive CH-π interactions with the phenyl ring of 

the phosphoramide R3 group (Fig. 6), which are also present in 

10 and 11. The replacement of the P=O group by the P=S in 14-

TS did not change the geometry of the transition state to any 

significant extent and the associated barrier was marginally 

lowered to 21.6 kcal mol-1. Several other structures shown in Fig. 

2 yielded significantly lower cycloaddition barriers than that of 

thiourea 1 (Table 1). The associated transition states are given 

in the SI. 

 

Figure 6. From top to bottom, [4+2] cycloaddition transition states for 
compounds 12 and 14. Weak interactions, including hydrogen bonds, are 
represented with dashed lines with distances given in Å. Atoms are color-
coded as in Fig. 4. 
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Table 1. Cycloaddition energy barriers, in kcal mol-1, for all compounds 
presented in Fig. 2. 

Compound R3 Substituent ΔG‡ 

8 CN 20.9 

9 NO2 21.6 

14 PhO (P=S) 21.6 

10 Bn 22.1 

12 PhO 22.2 

11 PhS 22.8 

6 MeO 23.0 

2 H 23.9 

1 –– 23.9 

5 NMe2 25.3 

4 MeS 25.7 

7 CF3 25.8 

3 Et 26.7 

uncatalyzed –– 27.0 

13 Ph 28.9 

   

 

Stereoselectivity 

A key feature of organocatalyst 12 is the presence of 

CH··· interactions between acrolein and the OPh 

substituent, which aligns the former with the P=O bond axis 

(Fig. 6). In this restricted orientation, both enantiotopic 

faces of acrolein are exposed to the R1 = R2 = meta-(CF3)2-

Ph substituents of the phosphoramide moiety (Fig. 7). This 

feature suggested that the reaction may become 

enantioselective by introducing different aryl substituents at 

the R1 and R2 positions.  

 

Figure. 7. Enantiotopic approaches of butadiene to 12-acrolein. Atoms are 
color-coded as in Fig. 4.  

 

Stereoselectivity was explored for the chiral structures 15 and 16 

(see Fig. 8), which were derived from 8 and 12 (Fig. 2), 

respectively. These two compounds were selected due to their 

reactivity, which is higher than that of 1 (Table 1), and the weak 

interactions between acrolein and the R3 group (Fig. 1) 

observed in the transition states (Fig.s 4 and 6). The 

cycloaddition transition states associated with 15 and 16 were 

therefore computed, considering the sources of structural 

flexibility shown in Fig. 9. 

 

Figure. 8. The chiral derivatives of 8 (15) and 12 (16). 

 

For compound 16, a total of 8 different transition state structures 

were optimized based on: (1) whether acrolein was attacked by 

1,3-butadiene in an endo- or exo-orientation;  (2) whether 

acrolein was in a trans or a cis conformation; (3) whether 1,3-

butadiene was approaching  the 16-acrolein complex from the 

face holding the Ph group or the face holding the meta-(CF3)2-

Ph group (Fig. 9). For the compound 15 there were 16 different 

transition states that were optimized based on all the earlier 

criteria and the added complication of whether the vinyl group of 

acrolein was on the side of the Ph- or the meta-(CF3)2-Ph-group. 

This is due to the weak CH··· interactions with the R3 = CN 

group, which, in this case, involves butadiene instead of acrolein 

(Fig. 4). 
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Figure 9. Sources of structural flexibility considered in this study. The 

structure of 15 is shown in Fig. 9.  
 

The enantiomeric excess was predicted with equations 2-4 at 

the experimental T = 20 ºC, by using the lowest pro-R and pro-S 

cycloaddition energy barriers found in the calculations. 

 

𝑘 =
𝑘𝑏𝑇

ℎ
𝑒−

∆𝐺°‡
𝑅𝑇                                     (2) 

[𝑅]

[𝑆]
=

𝑘𝑅

𝑘𝑆
= 𝑒

∆𝐺𝑆°‡
𝑅𝑇 −

∆𝐺𝑅°‡
𝑅𝑇                               (3) 

  %𝑒𝑒 =
[𝑅] − [𝑆]

[𝑅] + [𝑆]
 =  

[𝑆]
𝑘𝑅

𝑘𝑆
 −  [𝑆]

[𝑆]
𝑘𝑅

𝑘𝑆
+ [𝑆]

=  
(

𝑘𝑅

𝑘𝑆
− 1)

(
𝑘𝑅

𝑘𝑆
+ 1)

          (4) 

In the lowest-energy transition state for 15, which was pro-R, 

acrolein appears in the cis conformation and attacked by 1,3-

butadiene in the endo orientation. The vinyl fragment of acrolein 

is tilted towards the phenyl side. As highlighted in Fig. 10, there 

are short CH···C contacts suggesting the presence of weak 

CH··· interactions between the dienophile and the non-

substituted phenyl ring of the catalyst. This transition state 

yielded a cycloaddition barrier of 22.0 kcal mol-1, which is 1.5 

kcal mol-1 lower than that predicted for 1 (Table 1). The lowest 

pro-S energy barrier is higher than the pro-R by 0.6 kcal mol-1 

and yet lower than that of 1. These results show the potential of 

compound 15 as an asymmetric organocatalyst, with a predicted 

enantiomeric excess of 46%. The pro-S transition state has the 

same structural features than the pro-R, i.e. cis acrolein attacked 

in endo, but with both the vinyl and dienophile fragments 

occupying the meta-(CF3)2-Ph face. The aromatic ring of the 

meta-(CF3)2-Ph substituent also interacts with the dienophile but 

through longer distances, which suggests that the CH··· 

interactions are weaker in this case. 

 

Figure 10. Lowest-energy pro-R (left) and pro-S (right) transition states for 
compounds 15 (top) and 16 (bottom). Short contacts associated to weak 
interactions are represented with dashed lines, including interatomic distances 
in Å. Atoms are color-coded as in Fig. 4. 

 

Compound 16 is also pro-R. Interestingly, in this case there is a 

larger energy difference between the lowest pro-R and pro-S 

energy barriers; i.e. 1.6 kcal mol-1, which yields a predicted 

enantiomeric excess of 89%. In both cases, the cycloaddition 

barrier is lower than that of 1. As with 15, the preferred approach 

of butadiene to acrolein in the transition state is endo (Fig. 10). 

Both the pro-R and pro-S transition states had multiple CH···  

weak interactions between butadiene and the R3 = OPh group of 

the catalyst. In line with the lower energy barrier of the pro-R 

pathway, the associated transition state has shorter CH···C 

contacts between butadiene and R2 = Ph than the pro-S. 

Discussion 

The most relevant feature of the phosphoramides studied in this 

work (Fig. 2) is that they yield [4+2] cycloaddition barriers 

significantly lower than that of the uncatalyzed reaction (Table 

1), with the sole exception of 13. The calculations thus suggest 

that these compounds should catalyze the Diels-Alder reaction 

between butadiene and acrolein. Further, the results suggest 

that seven of these compounds, i.e. 2, 6 and 8-12, are similar to 

or more active than the Schreiner’s catalyst 1. This is also true 

for the P=S derivative 14, which can thus be an attractive 

alternative if the P=O group yields solubility or self-aggregation 

issues. The barriers vary within an energy range of 8.0 kcal mol-

1, from a minimum of 20.9 kcal mol-1 (8) to a maximum of 28.9 

kcal mol-1 (13). The R3 substituent of the phosphoramide (Fig. 1) 

thus plays a key role in the reactivity of these systems. 

 

Among the list of potential catalysts, the phosphoramide 8 (R3 = 

CN) stands out with the lowest barrier; ΔG‡ = 20.9 kcal mol-1, i.e. 

four orders of magnitude faster rate than the uncatalyzed 

reaction at T = 20 ºC. This can be ascribed to the influence of 

the nature of R3 on the energy of the lowest unoccupied 

molecular orbital (LUMO) of the catalyst-acrolein complex. The 

LUMO is an out-of-phase * anti-bonding orbital located upon 
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the O=C-C=C moiety of the catalyst-bound acrolein (Fig. S1). In 

line with the electron-withdrawing character of the cyanide 

group, the LUMO of 8-acrolein is, at –2.34 eV, lower in energy 

than the same orbital in 2-acrolein (R3 = H), which is at –2.28 

eV. However, although this can be a relevant factor accounting 

for the lowest cycloaddition barrier found for 8, the calculations 

suggest that other factors, namely weak interactions, also play a 

role. E.g., R3 = CF3 in 7 is also a strong electron-acceptor, but 

compared to 8, yields a higher cycloaddition barrier (ΔG‡ = 25.8 

kcal mol-1), though the 7-acrolein complex has a lower energy 

LUMO (–2.37 eV) than that of 8-acrolein (–2.34 eV). 

 

The high potential activity of catalyst 8 is likely due to a 

combination of the low-energy LUMO in 8-acrolein with weak 

attractive interactions in the transition state. The latter include a 

C-H···N hydrogen bond between a methylene hydrogen of the 

diene and the nitrogen atom in the R3 = CN substituent (d(C-

H···N) = 2.46 Å; Fig. 4). This interaction can be clearly observed 

in the non-covalent interaction plot (NCIPLOT) of the transition 

state (i1 in Fig. 11). The blobs of the NCIPLOT enclose spatial 

regions in which both the electron density and its reduced 

gradient are close to zero, marking the presence of weak non-

covalent interactions. The color of the blobs relates to the 

second derivative of the density – when it is negative (i.e. 

electron accumulation) the blob is either green (weak, e.g. 

CH···) or blue (strong, e.g. NH···O) classifying the interaction 

as attractive. Other weak interactions include the 

(CN)···CH(acrolein/butadiene), (acrolein)···(butadiene) and 

NH(8)···O(acrolein) (i2, i3 and i4, respectively, in Fig. 11).  

 

Fig. 11. Side and back views of the NCIPLOTs of the cycloaddition 
transition states involving 8 and 12. Non-covalent interactions include weak 

hydrogen bonds (CH···N, i1), CH···π interactions (i2), π···π interactions 

(i3) and strong hydrogen bonds (NH···O, i4). 

 

The phosphoramide 12 is also a remarkable case because, 

despite the electron-donating properties of R3 = OPh, it yields 

one of the lowest cycloaddition barriers; ΔG‡ = 22.2 kcal mol-1. In 

line with this, the NCIPLOT for the transition state involving 12 is 

busier with more attractive interactions than that of 8 (Fig. 11). A 

close inspection of the plot reveals the presence of multiple 

CH··· interactions between R3 = OPh and both acrolein and 

butadiene (i2). The presence of these interactions, which lock 

the orientation of both substrates relative to the catalyst, 

combined with the size of the OPh group (largest R3 in the 

series), pointed 12 as the most appealing phosphoramide to 

desymmetrize R1 ≠ R2 for the purpose of asymmetric catalysis. 

 

The results obtained with the chiral derivative of 12, i.e. 16 (Fig. 

2 and 8), confirmed the high potential of this compound as 

asymmetric organocatalyst. By using the enantiomer with S 

configuration at phosphorous, the calculations predicted a high 

enantiomeric excess of 89%, after considering all possible 

sources of structural flexibility (Fig. 9). The energy difference 

between the lowest pro-R and pro-S barriers is rather small, 1.6 

kcal mol-1, yet significant. This difference is due to different 

interactions between butadiene and the aromatic rings of the R1 

and R2 substituents of the catalyst. These interactions were 

characterized by means of NCIPLOT calculations on the 

cycloaddition transition states (Fig. 12). There are C-H··· 

interactions between the terminal C-H bonds of butadiene and 

the R3 = OPh substituent (i5), which should be one of the factors 

defining the orientation of the dienophile relative to the catalyst. 

The other relevant CH···π interaction is that of butadiene with 

the aromatic rings of the R1 and R2 substituents. These 

interactions appear on the NCIPLOT of both the pro-R and pro-S 

transition states. However, whereas the former involves the non-

substituted phenyl (i6), the latter involves the meta-(CF3)2-

substituted phenyl (i6’). The lower barrier of the pro-R pathway 

suggests that the CH···π interactions are stronger with the non-

substituted phenyl, suggesting that these interactions are based 

on (Ph) → *(CH) donation. 

 

Fig. 12. Side and back views of the NCIPLOTs of the pro-R and pro-S 
cycloaddition transition states involving 16. Non-covalent interactions include 
weak CH···π interactions of 1,3-butadiene with the R3 = OPh group (i1) and 
the aromatic rings of the R1 and R2 substituents (i2). 
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In contrast with compound 16, the asymmetric induction 

predicted for 15 is moderate, likely due to the different 

arrangement of the substrates yielded by R3 = CN (Fig.s 4 and 

10). Nonetheless, the enantiomeric excess obtained in the 

calculations, 46%, is significant. The results are indeed 

promising for both 15 and 16 because, with a catalytic activity 

higher than that of 1, are capable of yielding moderate to high 

enantioselectivity already with substrates that have small and 

simple structures. Further, our model provides a fundamental 

design principle for this catalytic scaffold. In symmetric R1 = R2 

systems, the R3 substituent can be used to boost activity by 

means of electron-withdrawing groups, whereas in asymmetric 

R1 ≠ R2 systems, the R3 substituent can be used to increase 

enantioselectivity by means of aromatic groups. 

Conclusions 

The phosphoramide R1N(H)-P(O)(R3)-N(H)R2 motif has 

shown significant potential as Diels-Alder catalyst. All 

phosphoramides examined, except one (13), yielded [4+2] 

cycloaddition barriers lower than that of the uncatalyzed 

reaction and several outperformed the Schreiner’s catalyst 

(1). Of particular note are the R3 = CN substituted 

compound 8 and the R3 = -X-Ph (X = CH2 and O) 

substituted compounds (10 and 12), which yielded some of 

the lowest energy barriers of the series. The increase in the 

reaction rate does not seem to depend on a single factor 

but rather on the combination of weak interactions with the 

lowering of the LUMO orbital energy in the catalyst-acrolein 

adduct. The calculations showed that both factors are 

modulated by the nature of the R3 substituent. Upon 

breaking the symmetry of the structure with R1 = meta-

(CF3)2-Ph ≠ R2 = Ph, the resulting chiral phosphoramides 15 

(R3 = CN) and 16 (R3 = OPh) also showed high potential for 

asymmetric [4+2] cycloadditions. Remarkably, 89 %ee was 

predicted for 16, despite the simplicity of the reactants 

considered in this study (butadiene and acrolein). These 

results point to substituted phosphoramides as a synthetic 

target of high interest for the organocatalyzed Diels-Alder 

reaction. 

 

 

 

Experimental Section 

The cycloaddition pathways were determined by means of 

DFT calculations with the Gaussian09 software package. 

The meta-GGA M06 functional41-45 accounting for 

dispersion forces was used. Geometries were fully 

optimized without any geometry or symmetry constraint with 

the double-ζ 6-31+G* basis set46-47. Frequencies were also 

computed at this level of theory with the aim of determining 

the thermochemistry at T = 293 K (zero-point, thermal and 

entropy energies) and classifying the stationary points as 

either minima (all-real frequencies) or transition states 

(single imaginary frequency). Energies were further refined 

by means of single-point calculations expanding the basis 

set to the triple- ζ 6-311+G*48-49 and introducing the solvent 

effects of chloroform with the continuum SMD model50. The 

Gibbs energies reported in the text are relative to a 1M 

standard state, including both the thermochemistry at the 

DFT(M06)/6-31+G* level and the solvation effects at the 

SMD-DFT(M06)/6-311+G* level. 

 

For the most complex structures (15 and 16 in Fig. 9), 

different sources of structural flexibility were systematically 

explored with the aim of finding the lowest-energy 

geometries (Fig. 3). These include the trans and cis 

isomers of acrolein, the endo and exo approaches of 

butadiene, the two diastereotopic faces of acrolein and the 

intramolecular orientation of the latter relative to the 

organocatalysts (only relevant in 15; Fig. 9). 
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