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Slawin,a Patrick H. Willoughby,c* Scott L. Cockroftb* and Andrew D. Smitha* 

 

Abstract: The importance of 1,5-O���chalcogen (Ch) interactions in 
isochalcogenourea catalysis (Ch = O, S, Se) is investigated. 
Conformational analyses of N-acyl isochalcogenouronium species 
and comparison with kinetic data demonstrate the significance of 1,5-
O���Ch interactions in enantioselective catalysis. Importantly, the 
selenium analogue demonstrates enhanced rate and selectivity 
profiles across a range of reaction processes including nitronate 
conjugate addition and formal [4+2] cycloadditions. A gram-scale 
synthesis of the most active selenium analogue was developed using 
a previously unreported seleno-Hugerschoff reaction, allowing the 
challenging kinetic resolutions of tertiary alcohols to be performed at 
500 ppm catalyst loading. Density Functional Theory (DFT) and 
Natural Bond Orbital (NBO) calculations support the role of orbital 
delocalization (occurring via intramolecular chalcogen bonding) in 
determining the conformation, equilibrium population, and reactivity of 
N-acylated intermediates. 

Non-covalent interactions play vital roles in governing chemical 
reactions, the conformation of small molecules, and the three-
dimensional structure of biomacromolecules.[1] Hydrogen bonding 
has been widely exploited in organocatalysis for controlling 
conformation, reactivity and stereoselectivity.[2] More recently, 
unconventional interactions, such as halogen bonding,[3] cation-π 

[4] and anion-π [5] interactions have also been utilized. Non-
bonding interactions are commonly used as the primary force for 
forming substrate-catalyst complexes. In addition, non-bonding 
interactions can be ancillary to a covalent bond and serve to fix 
the conformation of a reactive species. Exemplifying such 
strategies, the use of isothioureas in catalysis was initially 
reported by Birman and Okamoto,[6] and has since been exploited 

by ourselves and others in a variety of enantioselective 
transformations.[7] In their most common reactions, isothioureas 
are initially acylated to give N-acyl isothiouronium intermediates 
that dictate the stereoselectivity in subsequent bond-forming 
events (Figure 1A). The nature of the acylating agent and reaction 
conditions provide general access to three distinct reactive 
species, namely acyl and α,β-unsaturated acyl isothiouronium, 
and C(1)-isothiouronium enolate intermediates (Figure 1A).[7] A 
common structural feature of these activated intermediates is a 
1,5-O���S contact that is proposed to fix the geometry of the 
acylated catalyst, increasing the electrophilicity of the carbonyl 
due to the interaction with a formally Lewis acidic sulfur atom, as 
well as providing facial discrimination in subsequent reaction 
processes. Indeed, preliminary crystallographic studies revealed 
the interatomic O-S distance to be significantly shorter than the 
sum of the component van der Waals radii, while computational 
analyses have suggested that a syn-periplanar 1,5-O���S 
relationship is energetically favored.[8] 

The invoked 1,5-O���S contact can be broadly categorized 
as a chalcogen bond.[9] Chalcogen bonds are secondary 
interactions specifically involving group 16 elements (O, S, Se, 
etc.),[10] and accordingly share several characteristics with  

 
Figure 1. State-of-the-art in chalcogen bonding catalysis and application to 
isochalcogenoureas. 
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their halogen (group 17) and pnictogen (group 15) bonding 
cousins.[11] Chalcogen bonds have been observed in X-ray 
crystallographic analyses in a range of contexts[12] and are 
proposed to be significant in diastereoselective reactions of chiral 
organoselenium compounds, as exemplified in pioneering work 
by Tomoda and Wirth among others.[13] In a landmark publication, 
Matile reported the exploitation of chalcogen bonds in catalysis, 
using bis-thiophene derivatives for the reduction of quinolines and 
imines (Figure 1B, left).[14] Similarly, Huber has demonstrated 
chalcogen bond donors as both stoichiometric promoters and 
organocatalysts (Figure 1B, right).[15] 

The nature of 1,5-Ch���Ch interactions was recently 
investigated by the Cockroft group using a model system bearing 
a close structural similarity to the N-acylated isothiourea catalysts 
utilized within the Smith group and others.[16] The combined 
experimental and theoretical investigation suggested that such 
intramolecular chalcogen bonds were dominated by orbital 
delocalization between a lone-pair donor and an antibonding 
acceptor orbital (e.g. nO→σ*S-C).[17] Building on this work, and by 
analogy to pnictogen and halogen bonding interactions, which 
increase in strength with increasing atomic number, we 
postulated that a series of catalyst congeners 1-Ch where Ch = 
O, S, and Se could be used to probe the importance of 1,5-
O���Ch interactions in isochalcogenourea catalysis, with the 
heavier chalcogens expected to engage more strongly in 
chalcogen bonding (Figure 2A). In this manuscript we report 
experimental and computational analyses of isochalcogenourea-
catalyzed reactions and demonstrate that intramolecular 
chalcogen bonds impart control over the conformation and 
stabilization of N-acylated reaction intermediates (Figures 3 and 
4). Accordingly, 1-Se demonstrates optimal rate and selectivity 
profiles across a range of reactions (Figures 5 and 6), consistent 
with the crucial importance of the 1,5-O���Ch interaction. 

Isothiourea 1-S is commercially available and readily 
prepared,[18] and isourea 1-O was synthesized by an analogous 
route (Figure 2A).[18,19] However, the corresponding route to the 
isoselenourea 1-Se gave low yields,[19] necessitating the 
development of a new route to 1-Se. In a one-pot protocol, 2[18a] 
was added to phenyl isoselenocyanate 3 to generate selenourea 
4, which was then cyclized to give 5 in what is the first reported 
seleno-Hugerschoff reaction (Figure 2B).[20,21] Adapting the 
previously reported approach, in situ addition of Et3N and MsCl 
followed by gentle heating affected cyclization to give 
isoselenourea 1-Se in good yield. The reaction could be 
performed on a gram scale giving 1.1 g (3.1 mmol) 1-Se in 64% 
yield from 2 and 3.[22] 1-O 1-S and 1-Se could all be stored for 
several months on the bench-top and pleasingly, all showed no 
toxicity against HeLa cells at concentrations < 1 mM.[19] 

With the 1-O, 1-S and 1-Se analogues in hand, the nature of 
the 1,5-O���Ch interactions occurring within N-acylated catalysts, 
was investigated. Crystalline N-naphthylacetyl 
isochalcogenouronium hexafluorophosphate salts 6-O, 6-S and 
6-Se were prepared and subjected to X-ray structural analysis 
(Figure 3). Compound 6-O did not form an intramolecular 1,5-
O���O chalcogen bond in the solid state, and instead exhibited an 
anti-coplanar conformation (Figure 3A). In contrast, 6-S and 6-Se 
possessed coplanar syn-conformations with 1,5-O���S/Se  

  
Figure 2. Optimized synthesis of 1-Se via seleno-Hugerschoff reaction. 

interatomic distances shorter than the sum of their respective van 
der Waals radii. Consistent with a weakening of the carbonyl bond 
arising from nO→σ*S/Se-C delocalization, the IR stretching 
frequencies of the C=O in 6-S and 6-Se (1709 cm−1 and 1713 
cm-1) was significantly shifted compared to 6-O (1748 cm–1), and 
the 13C NMR carbonyl chemical shifts in compounds 6-S and 6-
Se (δC 174.5 ppm and 174.0 ppm) were deshielded compared to 
6-O (δC 169.7 ppm) in CDCl3, consistent with the respective 
presence and absence of intramolecular chalcogen bonds (Figure 
3).[23] Density functional theory (DFT) calculations were then used 
to examine the physicochemical nature of the 1,5-O���Ch 
interactions (Figure 3).  

Dispersion-corrected ((wB97X-D/6-311G*) energy 
minimization calculations (DEanti→syn) reproduced the solid-state 
preference of 6-O for the anti-conformer (DEanti→syn = +20 kJ mol−1), 
and 6-S and 6-Se for the syn-conformer (Eanti→syn = −17 kJ mol−1 
and −28 kJ mol−1, respectively). Moreover, calculated Molecular 
Orbitals, Natural Bond Orbitals (NBO) and corresponding 2nd 
order perturbation energies (E(2)) all supported the occurrence of 
stabilizing interactions arising from the delocalization of an acyl 
lone pair (n) into an adjacent chalcogen-carbon s* orbital in the 
sulfur and selenium derivatives (E(2) = 20 kJ mol−1 and 38 kJ mol−1, 
respectively) (Figure 3B, C) with the 1,5-O���Se interactions 
consistently predicted to be stronger than 1,5-O���S 
interactions.[19] The delocalized orbitals are strikingly similar to 
those observed in molecular balances previously employed by the 
Cockroft group for measuring 1,5-O���Ch chalcogen bonds 
(Table S9).[19] Notably, both the calculated conformational energy 
differences (DEanti→syn) and NBO 2nd order perturbation energies 
(E(2)) were up to five times more stabilizing in the cationic N-
acylated catalysts 6-S and 6-Se compared to the neutral 
molecular balances utilized in our previous study (Figure 
S15).[17,19] The similarity of these findings suggest that these 
intramolecular chalcogen bonds have important orbital  
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Figure 3. X-ray crystallographic geometries of isochalcogenourea catalysts and corresponding experimental IR and 13C NMR spectral data (CDCl3, 298 K) for the 
respective acyl groups. Calculated conformational energy differences (DEanti→syn), Molecular Orbitals (MOs), Natural Bond Orbitals (NBO) and corresponding 2nd 
order perturbation energies (E(2)) all support the occurrence of stabilizing interactions arising from the delocalization of an acyl oxygen lone pair (n) into an adjacent 
chalcogen-carbon s* orbital in the sulfur and selenium derivatives (B and C). No such stabilizing orbital interactions are present in the isourea derivative (A), which 
crystallizes as the anti-coplanar conformer. Crystallographic and computational details are provided in the SI.[19] Calculations were performed using wB97X-D/6-
311G*. Calculations performed using both wB97X-D or B3LYP on minimized and crystallographic structures gave the same energetic trends (Table S10) 

contributions, which has previously been associated with 
decreased solvent competition.[24] Thus, we next set out to 
confirm whether the identified chalcogen bonds were retained in 
N-acylated intermediates in solution. Acetyl salts of 1-O, 1-S and 
1-Se were prepared (Figure 4A). Reciprocal NOE enhancement 
was observed on irradiation of either proton environment 
highlighted in Figure 4A when Ch = S or Se, indicating spatial 
proximity of these protons and being consistent with the 1,5-
O���Ch interaction being maintained in solution. However, no 
NOE enhancement of these protons was observed when Ch = 
O.[25] These observations are consistent with the conformational 
preferences of N-acyl derivatives being the same in solution and 
the solid state (Figures 3 and 4A). Further studies in solution 
measured the equilibrium constants for the formation of N-
acylated species 9-Ch upon mixing each of the 
isochalcogenureas 1-O, 1-S, and 1-Se with isobutyric anhydride 
8 in CDCl3 at 298 K (Figure 4B).[26] An increase in the equilibrium 
constants with increasing atomic mass of the chalcogen acceptor 
was observed, consistent with the increasing stability of the acyl 
isochalcogenouronium species (and in accord with the analysis 
associated with Figure 3). Having characterized the nature of the 

 

Figure 4. Solution-phase 1H NMR experiments performed in CDCl3 at 298 K, 
500 MHz. 

1,5-O���Ch interactions (Figure 3) and their influence on the 
conformation and equilibrium populations of N-acyl intermediates 
(Figures 3 and 4), we set out to quantify how varying the 
chalcogen atom in isochalogenourea catalysts influences 
catalytic activity (Figure 5). Pleasingly, both 1-S and 1-Se proved 
to be competent catalysts for the kinetic resolution of secondary 
alcohol 10 giving similar conversion (c = 47% for both) and 
selectivity (s > 200 with both 1-S and 1-Se) (Figure 5A).[27,28] In 
contrast, isourea 1-O, which lacks the ability to stabilize the N-
acyl intermediate via chalcogen bonding, gave no observable 
acylation of the starting material (Figure 5A). Next, the challenging 
kinetic resolution of tertiary heterocyclic alcohol 12 was performed 
(Figure 5B).[15f] While isourea 1-O gave no conversion to ester 13, 
isoselenourea 1-Se gave good conversion (c = 45%) and 
selectivity (s = 60) comparable to the isothiourea 1-S (c = 54%, s 
= 60). Moreover, the rate of acylation of enantiopure alcohol (R)-
12 was significantly increased in the presence of 1 mol% of the 
isoselenourea catalyst 1-Se relative to isothiourea 1-S (Figure 5B, 
t1/2 = 8 mins vs. t1/2 = 35 mins). The experimentally observed 
catalytic activities presented in Figure 5 presumably reflect: i) the 
conformational preferences determined by the 1,5-O���Ch 
interactions occurring in the N-acylated intermediates (Figures 3 
and 4) and ii) the concentration of the key acyl 
isochalcogenouronium intermediates as approximated by Kexp in 
Figure 4B. The observed rate enhancement using 1-Se 
presumably reflects kinetic acceleration of the elementary 
catalytic steps as well as thermodynamic stabilization of 
intermediates through exploiting these 1,5-O���Ch interactions. 

To further examine the catalytic ability of the 1-Se catalyst, 
kinetic resolutions of several tertiary alcohols were performed 
using a catalyst loading of only 500 ppm. For alcohol 12 
conversion of 39% was obtained with s = 70. This compared with 
c = 9%, s = 70 for the kinetic resolution of 12 catalyzed by 1-S 
(500 ppm).[18] The reaction was general for a number of 
substrates varying both the N-substituent (14) and R1 (15 and 16) 
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to give c = 31–50% and s = 70–120. Even particularly sterically 
congested alcohol 17 could be resolved (c = 28%, s = 38) albeit  

  
Figure 5. A and B. Comparison of isoselenourea catalyst activity in kinetic 
resolutions of secondary (10) and tertiary (12) alcohols. Starting concentrations 
for monitored reaction: (R)-12 (99:1 er; 80 mM), 1-Ch (8 mM), i-Pr2NEt (100 mM). 
Reactions monitored in CDCl3 at 273 K using 500 MHz 1H NMR spectroscopy.C 

Kinetic resolution of tertiary alcohols at 500 ppm 1-Se. [a]i-Pr2NEt (0.8 eq), 8 (1.0 
eq), reaction time: 73 h. 

with higher base and anhydride equivalencies (0.8 and 1.0 
equivalents respectively) and with prolonged reaction time (3 
days) (Figure 5C).[19] The remarkable catalytic activity and 
selectivity of 1-Se counters the common perception that 
organocatalysis requires high catalyst loading.[29] 

To determine whether intramolecular 1,5-O���Ch interactions 
governed catalysis beyond acyl transfer processes, the activity of 
the 1-Ch series was examined in reactions proposed to proceed 
via α,β-unsaturated acyl isothiouronium and C(1)-isothiouronium 
enolate intermediates (Figure 1A, centre and right).[30,18] The 
isochalcogenourea-catalyzed Michael addition of nitromethane to 
ester 23 gave the amide product in less than 5% yield and 45:55 
er when 1-O was used (Figure 6A). In contrast, both the 1-S and 
1-Se catalysts gave 24 in 55% yield and ~95:5 er. Monitoring the 
rate of formation of 24 by 19F{1H} NMR spectroscopy showed a 
significant increase in rate with 1-Se (t1/2 = 8 mins) compared with 
1-S (t1/2 = 145 mins) (Figure 6A). Using a similar approach, the 
relative rates of isochalcogenourea-catalyzed Michael addition-
lactonization reactions, proposed to proceed via a C(1)-
isochalcogenouronium enolate intermediate (Figure 1B, right) 
were next examined (Figure 6B).[18a] Isourea 1-O gave the desired 
lactone 29 in a moderate 46% yield and 87:13 dr, but with 
negligible enantiocontrol (53:47 er). Catalysis using either 1-S or 
1-Se was again effective, yielding 29 in 80% yield, 84:16 dr and 
95:5 er when using 1-S, and 95% yield, 84:16 dr and 98:2 er when 
using 1-Se. Again, a significant increase in the rate of product 
formation (30) was observed using 1-Se (t1/2 = 11 mins) compared 
to 1-S (t1/2 = 122 mins) when the reaction was monitored by 
19F{1H} NMR spectroscopy (Figure 6B). 

In conclusion, the importance of 1,5-O���Ch interactions in 
isochalcogenourea catalysis was confirmed through theoretical 
and experimental studies. Computations, X-ray crystallography, 
and NMR spectroscopic analysis of N-acylated catalysts all 
indicated the importance of 1,5-O���Ch interactions in governing 
the conformation and stability of these key reactive intermediates. 
DFT, molecular orbital, and NBO calculations suggest that the 
nature of the 1,5-O���Ch interaction is consistent with nO→s*Ch-C 
electron delocalisation. Experiments in solution are consistent 
with the stabilizing intramolecular chalcogen bond being 
maintained for 1-S and 1-Se, leading to greatly enhanced catalytic 
activity compared to the largely inactive 1-O congener. The 
consistent enantioselectivity observed in reactions catalyzed by 
1-S and 1-Se indicates a consistent energy difference between 
the diastereomeric transition states in the assumed enantio-
determining step. However, the enhanced catalytic activity of 1-
Se compared to 1-S is consistent with most favorable O���Ch 
interactions providing enhanced stabilization of acylated catalytic 
intermediates and interposed transition states. We establish 1-Se 
as an efficient and highly selective organocatalyst, applicable at 
ppm levels, in the challenging kinetic resolution of heterocyclic 
tertiary alcohols. The first reported seleno-Hugerschoff reaction 
was utilized to synthesize 1-Se reliably and on a gram-scale, 
enhancing the potential application of this promising Lewis-base 
catalyst. 
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Figure 6. Isochalcogenoureas in catalysis. A. α,β-Unsaturated acyl 
isochalcogenouronium catalysis. a For yield determination, 22 to 24 R = Et, 1.0 
equiv, Nuc = morpholine; For kinetics, starting concentrations: 23 to 25 (R = 4-
FC6H4CH2) (100 mM), 1-Ch (12 mM), MeNO2:CHCl3 9:1, C6D6 capillary, , 19F{1H}, 
476 MHz, Nuc = 4-NO2C6H4O; b Isolated yield; c (R):(S) as determined by chiral 
HPLC analysis. B. Isochalcogenouronium enolate catalysis. d For yield 
determination, Ar = C6H5; For kinetics, starting concentrations: 27 (Ar = 4-FC6H4, 
100 mM), catalyst (0.25 mM), enone 28 (100 mM), i-Pr2NEt (250 mM), CD2Cl2, –
70 °C, 19F{1H}, 476 MHz. b Isolated yield. e Determined by 1H NMR 
spectroscopic analysis of the crude reaction mixture. f (3S,4S):(3R,4R) as 
determined by chiral HPLC analysis. 
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