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This manuscript describes the role of non-classical hydrogen bonds (NCHBs), specifically C–H···O 
interactions, in modern synthetic organic transformations. Our goal is to point out the seminal examples 
where C–H···O interactions have been invoked as a key stereocontrolling element and to provide 
predictive value in recognizing future and/or potential C–H···O interactions in modern transformations. 

1 Introduction 10 

 Hydrogen (X–H···A) bonding1,2 is central to chemistry3 and 
biology.4 Exemplified in water networks5 and peptide 
interactions,6 classical hydrogen bonding involves highly polar 
donors in the presence of strongly electronegative acceptors (X = 
A = N, O, F). A number of early reports in the 1930s described 15 

anomalous properties of molecules like HCN7 and acetyl 
chloride4a exhibiting hydrogen bonding behaviour while having 
no traditional X–H donor. These studies also showed that less 
electronegative C-H bonds could be donors as well as other lone-
pair bearing atoms and functional groups (sulfur, phosphorous 20 

and various π-systems) could be suitable acceptors. Many 
detailed crystallographic analyses of both inorganic and organic 
systems in the 1950s and 1960s revealed close C–H···O/N 
contacts, evidencing the stabilization afforded by “non-classical” 
hydrogen bonds (NCHBs).8 NCHBs are also found in biological 25 

systems; an example being the thiamine-adenine base pair 
interaction in RNA.9 These NCHBs, while weaker (∆Ginteraction = -
0.5 to -3.7 kcal/mol)10 than classical hydrogen bonds (∆Ginteraction 
= -3.1 to -6.9 kcal/mol),11 are still found to provide enough 
stabilization to render complete control of selectivity in chemical 30 

reactions.12  

2 General Properties of C–H···O 
interactions 

C–H···O interactions are distinct from van der Waals 
interactions13 — H···O distances in C–H···O interactions are 35 

often shorter than the sum of the van der Waals radii (2.7 Å for O 
and H). They also often display directionality (i.e., linear bonds 
are more stable than bent), indicative of orbital interactions.14 
 Desiraju postulated that NCHBs are a subset of hydrogen 
bonding.6c Indeed, the strength of the H·· ·O interaction, classical 40 

or otherwise, is proportional to the polarization of the donor C–H 
and the charge of the acceptor heteroatom; i.e., more acidic 
hydrogens and greater anionic characters in acceptors result in 
stronger hydrogen bonds. As shown in Table 1, the trend of 
proton acidity with respect to hybridization decreases as follows: 45 

sp > sp2 > sp3.15,16  

Table 1 Gas-phase distances and energies (∆H) of salient hydrogen 
bonding dimers. Distances are in Å, and energies in kcal/mol.‡ 

Dimer H···O Distance Energy (∆H) Ref. 

 
1.74 19 16a 

 
1.96 4.7 14a 

 
2.17 2.5 16b 

 
2.38 0.9 16b 

 

2.51 0.3 14a 

 ‡See original literature for computational details. 

 Direct experimental observation of transition state NCHBs is 50 

difficult because of the short lifespan (< 200 fs) of TSs.17 
However, NCHBs in the ground state have been documented via 
infrared and NMR spectroscopy. C–H···O interactions are 
characterized in the IR by a strong redshift (-40 cm-1 > ∆ν > -80 
cm-1) for alkynes, little to no redshift (0 cm-1 > ∆ν > -20 cm-1) for 55 

alkenes, and a medium blueshift (+60 cm-1 > ∆ν > +10 cm-1) for 
alkanes. Redshifted (lengthened) C–H bonds, typically seen in 

classical hydrogen bonding, result from lone pair donation of 

acceptor A into the σ* C–H, the extreme of which is full 

deprotonation. Conversely, a blueshift (contraction) results when 60 

an electron-deficient R3C–H bond, already lengthened, is 

compressed by electron density donation from an electron-rich 

A.16b,18 1H-NMR observation is typically marked by an upfield 
shift of the proton of interest depending on the strength of the 
hydrogen bond. Alkynes are characterized by a 1.9 ppm shift 65 

upfield, alkenes by a 1.5 ppm shift, and alkanes by a 1.2 ppm 
shift.13,19  
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Table 2 Binding energies (∆ZPE) of complexes of trimethylammonium with methyl acrylate. Solid green lines show electrostatic interactions. 
Computations performed at MP2/6-311++G**, with interaction free energies given in kcal/mol 

3 C–H···O Interactions in Synthesis 

E. J. Corey popularized NCHBs in transition states (TSs). He 
extended the idea of stabilizing C–H···O interactions to TS 5 

geometries, recognizing their potential roles in both rigidifying 
the TS (preorganization) and in overcoming the entropic cost of 
preorganization.20 Selectivity by NCHBs arise in two ways:  1) 
where NCHB stabilization is only possible in the major TS, and 
2) where NCHB interactions exist in all TSs, but the resultant 10 

preorganization forces the minor TSs to incur destabilizing steric 
and/or electrostatic interactions. 
 Various archetypical stereoselective transformations21 
controlled by NCHBs are discussed in the following sections, 
organized by the type of C–H donors. While C(sp)–H donors are 15 

expected to be the strongest, there have been no reports to date 
implicating the alkynyl proton as a stereocontrolling element. 
 The enhanced basicity of the imine nitrogen is such that  

3.1 C(sp3)–H donors 

C(sp3)–H donors can be subdivided into activated and unactivated 20 

donors. Activated donors are α to a full or developing positive 
charge, and are most commonly seen in pnictogen- and metal-
bearing molecules. Examples involving unactivated donors are 
fewer, and mostly involve distal methyl or methylene groups at a 
critical point. In both cases, proximity to an electron-withdrawing 25 

group increases the C–H donating ability. 
3.1.1 Activated C(sp3)–H donors 

3.1.1.1  Ammonium N+–C(sp3)–H···O interactions 

In 2002, Houk reported the magnitude of HB and NCHB 
stabilizations between trimethylammonium with methyl acetate 30 

or the methyl acetate enolate (Table 2).22 In all cases, the 
magnitudes of classical hydrogen bonding interactions were 
greater than those of the NCHB interactions. It was also shown 
that solvent environment had a dramatic effect on the magnitude 
of stabilization – these interactions are the strongest in the gas 35 

phase and non-polar solvents, and decreases as the solvent 
polarity increases.23 
 The greatest interaction is experienced in the tight ion pair of 

the trimethylammonium N+–C(sp3)–H complexing to the 
negatively charged enolate oxygen and the π-system, resulting in 40 

a dramatic 95 kcal/mol of stabilization in the gas phase. The 
C(sp3)–H···O distances are also remarkably short (2.02 Å). 
Conversely, the weakest interaction is the post-proton transfer 
complex of the enol and the deprotonated ammonium (N···H–O), 
at only 10.9 kcal/mol stabilization.  45 

 Comparisons of the neutral acceptor, methyl acetate, illustrate 
the relative strengths of classical and non-classical hydrogen 
bonding. The stabilization afforded by three NCHB interactions 
(N+–C(sp3)–H···Ocarbonyl)  amounts to about two-thirds the 
stabilization of a single classical hydrogen bond (N+–50 

H···Ocarbonyl) (-12.9 kcal/mol and -19.7 kcal/mol, respectively). 
 These specific model systems and interactions are integral to 
understanding cinchona catalysis, and have since been employed 
to describe the enantiocontrol in a number of reactions.24 
3.1.1.2  Iminium N+–C(sp3)–H···O interactions 55 

Houk reported the mechanism and origins of stereoselectivity of 
the Hajos-Parrish reaction25 (Figure 1).26 C–H···O interactions 
were seen to be important in controlling the stereoselectivity in 
the aldol and Mannich reactions. The stereoselectivity in the 
Hajos-Parrish arises from the addition of the proline-enamine to 60 

one of two cyclic ketones. The enantioselectivity originates 
primarily from the greater iminium planarity distortion in the syn-
enamine TS-(R,R) compared to the anti TS-(S,S). A secondary 
stereocontrolling factor is the ability of a prolinyl C(sp3)–H to 
stabilize the developing negative charge on the carbonyl oxygen 65 

(shown in green lines in Figure 1) — the major TS-(S,S) exhibits 
a shorter C–H···O interaction and is lower in energy by 3.4 
kcal/mol than TS-(R,R), where this interaction is more distal and 
presumably weaker. 

 

 
 

   

 

  

Solvent N+–H···Ocarbonyl C(sp3)–H···Ocarbonyl N···H–Oenol C(sp3)–H···Oenolate/π εr 
gas -19.7 -12.9 -10.9 -95.1 1.0 

PhMe -10.3 -5.2 -8.1 -40.9 2.4 
CHCl3 -7.5 -3.4 -7.8 -22.2 4.7 
THF -6.2 -2.2 -7.2 -15.2 7.6 

MeOH +0.3 +2.0 -4.3 +0.7 32.7 
H2O +0.8 +2.4 -3.9 +2.3 80.1 



 

 

Figure 1 Houk’s model for the enantiocontrol in the Hajos-Parrish 
reaction. Enamine planarity and NCHB with the proline α-methylene 
hydrogens control selectivity for TS-(S,S). Solid green lines show 
electrostatic interactions, grey lines show forming bonds. Computations 5 

performed at B3LYP/6-31G*, with free energies given in kcal/mol. 

 
3.1.2. Unactivated C(sp3)–H donors 

3.1.2.1  Allylic–C(sp3)–H···O interactions 

Sordo reported a computational study of the meta/para selectivity 10 

in the hetero [4+2] between SO2 and isoprene in 1994. To our 
knowledge, this is the earliest work citing NCHBs as selectivity 
controlling elements in the TS (Figure 2).27,28 He showed that 
sultine regioselectivity is controlled by the C(sp3)–H···O NCHB 
interaction between the sulfonyl oxygen and the isoprene methyl. 15 

TS-meta-endo, with the C(sp3)–H···O interaction, is 1.8 kcal/mol 
more stable than TS-para-endo, where this interaction is absent. 
As shown by the para-endo and para-exo TSs, the endo 
preference29 in this reaction is minimal (0.2 kcal/mol). 

  20 

Figure 2 SO2 regioselectively adds to isoprene in the TS-meta-endo 
fashion to engage in NCHB. Solid green lines show electrostatic 
interactions, while grey lines show forming bonds. Computations 
performed at MP2/6-31G*//HF/6-31G*, with interaction free energies 
given in kcal/mol. 25 

3.1.2.2  Alkyl–C(sp3)–H···O interactions 

 In 2001, Houk reported the role of unactivated C(sp3)–H 
donors in controlling the stereoselectivity of epoxidations.30 The 
origin of π-facial selectivity comes from the propensity of the 
peracid to approach from the face where an NCHB with the 30 

terminal peracid oxygen and the C3 α-hydrogens may be realized 
(Table 3). Furthermore, the selectivity afforded by these NCHBs 

is enhanced as the electron-withdrawing ability of the C3 α-
substituent increases – the cis preference increases from 0.2 
kcal/mol (exp.: 1:1 cis:trans) in the hydrogen case to 2.3 kcal/mol 35 

(exp.: 13:1 cis:trans) in the mesylate.  

Table 3 Approach from the π-face where NCHBs are present is 
preferred. π-Facial selectivity of peracid epoxidation increases with the 
electron-withdrawing ability of X. Solid green lines show electrostatic 
interactions, while grey lines show forming bonds. Computations 40 

performed at B3LYP/6-31+G**//B3LYP/6-31G*, with interaction free 
energies given in kcal/mol. 

 
X cis:trans (exp.) ∆∆Etrans-cis (exp.) ∆∆Etrans-cis (comp.) 
H 1:1 0.0 0.2 
Br 2.3:1 0.4 1.7 
CN 4:1 0.8 1.5 

OMs 13.3:1 1.4 2.3 

3.2 C(sp2)–H donors 

NCHB involving C(sp2)–H are often strong, and can impart 
preorganization of the TS. By far, the most common of this type 45 

are formyl groups. The ubiquity of formyl groups in many highly 
stereoselective allylboration, aldol and Diels-Alder reactions is 
conspicuous. The origin of this phenomenon is the presence of 
NCHB involving the formyl hydrogen that contributes to 
heightened stereocontrol. Imine C–H donors have similarly been 50 

shown to engage in NCHB.31 
3.2.1. Ground and transition state stabilization 

In 1997, Corey proposed stereochemical models governing the 
enantioselectivity of aldol reactions utilizing oxazaborolidine 
Lewis acids (Figure 3).20b-d,32 He invoked a two-point binding 55 

motif in the ground state catalyst-aldehyde complex, which is 
preserved through the transition state. The primary binding arises 
from the substrate carbonyl-boron dative bond. The second arises 
from a NCHB between the formyl hydrogen and the 
oxazaborolidine oxygen. This two-point binding motif, when 60 

coupled with the catalysts’ chiral substituents, imparts facial 
control of addition to the aldehyde. While initial computational 
studies33 found this motif to be less favourable, more recent 
studies34 have upheld Corey’s proposal. 

 65 

Figure 3 Corey’s oxazaborolidine-catalyzed Mukaiyama aldol (left).  
Proposed stereochemical model (right) showing two-point binding, with 
the catalyst tosyl group shielding the re-face.  



 
 The related oxazaborolidinium catalysts have also been applied 
to Diels-Alder reactions (Figure 4, top left).35 Like the aldol, the 
dienophile is bound to the catalyst primarily by the carbonyl 
oxygen-boron dative bond, and secondarily by NCHB between 
the formyl proton and the oxazaborolidinium oxygen. 5 

 

Figure 4 Corey’s oxazaborolidinium 15 catalyzed Diels-Alder 
cycloaddition of vinylogous aldehydes (left) and esters (right) with 1,3-
butadiene, and their respective proposed catalyst-substrate complexes.  
The catalyst aryl group blocks the concave face of the substrate. Houk’s 10 

computational investigation on Corey’s oxazaborolidinium-catalyzed 
[4+2]-cycloaddition with methacrylaldehyde (left) and methyl acrylate 
(right). The catalyst aryl group blocks the concave face of the substrate. 
Solid green lines show electrostatic interactions, while grey lines show 
forming bonds. Computations performed at B3LYP/6-15 

31G*/PCM(DCM)//B3LYP/6-31G*, with interaction free energies given 
in kcal/mol. 

 In 2009, Houk verified these models computationally using a 
slightly simplified catalyst involving a Ph, rather than o-Tol on 
the borane (Figure 4, bottom left).36 The two point binding 20 

provided by the dative B–O bond and the C–H···O NCHB 
interaction restrict dienophile rotation, and allows for the facial 
discrimination. Steric occlusion by the downward-facing 
oxazaborolidinium aryl group prevents si-addition, which leads to 
the minor product. 25 

 In 2002, Corey reported that these oxazaborolidinium catalysts 
also perform well with acrylates and fumarates (Figure 4, top 
right).35b-d In the absence of a formyl hydrogen, an NCHB with 
the vinylogous hydrogen acts as secondary binding, rigidifying 
the transition state. Houk verified this vinylogous C(sp2)–H···O 30 

interaction in α,β-unsaturated carbonyl compounds, citing the 
same stereocontrol model as in the formyl cases (Figure 4, 
bottom right).36 

3.2.2. Transition state stabilization 

Transient NCHBs found only in the transition state can also 35 

induce high selectivity.   

 In 1998, Paterson applied the formyl C–H···O NCHB model to 
explain the 1,4-syn stereoinduction in the boron-mediated aldol 
addition of aldehydes to α-alkoxy ketones 15 (Figure 5).37 This 
featured repeatedly in the synthesis of polyketide ACRL Toxin 40 

IIIB to create C8–C9 and C12–C13 linkages. The chair TS, 
featuring a C–H···O interaction between a benzoyl carbonyl 
oxygen and a formyl hydrogen, leads to the major 1,4-syn 
product. In the TS leading to the minor 1,4-anti product, the chair 
flip replaces the stabilizing C–H···O interaction with a repulsive 45 

alkyl:alkyl steric repulsion between the β-methyl and the axial 
boron ligand. 

 

Figure 5 ACRL Toxin IIIB (top).  1,4-syn selective boron-aldol 
(bottom). Proposed stereochemical model (right) showing critical formyl 50 

C(sp2)–H···O interaction in the favoured TS, while steric repulsion 
destabilizes the disfavoured TS. 

 Goodman later investigated the origins of a related 1,5-
stereoinduction in a number of alkoxy and acetal-protected β-
alkoxy and β-THP ketones (Figure 6).38 Computations revealed a 55 

significant stabilizing C(sp2)–H···O interaction in a boat 
conformation.39 The critical NCHB results from the proximity of 
the axial alkoxy oxygen to the axial formyl hydrogen, in a seven-
membered ring. Like in Paterson’s report, Goodman’s model 
derives the selectivity from the chirality of the β-alkoxy center:  60 

In order to maintain the NCHB stabilization, the minor TS-in-syn 
incurs steric repulsion with the bulky β-R group, amounting to 
0.3 kcal/mol selectivity. 

 

Figure 6 Goodman’s rationalization for the 1,5-anti boron-aldol. Solid 65 

green lines show electrostatic interactions, while grey lines show forming 
bonds. Computations performed at B3LYP/6-
31G**/PCM(Et2O)//B3LYP/6-31G**, with interaction free energies 
given in kcal/mol. 

 Antilla reported in 2010 the enantioselective allylboration of 70 

aldehydes catalyzed by chiral phosphoric acid (CPA) (Figure 
7).40 He proposed a chairlike structure as a likely TS, invoking 
classical hydrogen bond activation of the equatorial boronate 
oxygen by the CPA proton.41  



 

  

Figure 7 Antilla’s stereochemical model (right) for the enantioselective 
allylboration catalyzed by chiral phosphoric acid 23 (left) classically 
hydrogen bonding to pinacol ligand.  

 Goodman reported a computational study examining the 5 

enantiocontrol in this reaction (Figure 8).42 He found that the 
CPA acts as a bidentate hydrogen bonding ligand, complexing the 
axial boronate oxygen by classical hydrogen bond (O–H···O) and 
the aldehyde through NCHB between the formyl hydrogen and 
the phosphoryl oxygen (C–H···O=P). This two point-binding 10 

motif by the CPA conformationally locks the chair transition 
states and allows for enantiocontrol by the chiral groups on the 
CPA.  The steric clash of the boronate and the CPA aryl group in 
the minor TS-si amounts to 6.1 kcal/mol of selectivity.  Goodman 
also found that the Antilla TS is 8.2 kcal/mol higher and results in 15 

poorer selectivity (∆∆G‡ = 1.6 kcal/mol). The importance of C–
H···O interactions in these reactions have also been shown in 
recent reports by Houk and Antilla.43 

 

20 

  

Figure 8 Goodman’s stereochemical rationalization for the CPA-
catalyzed enantioselective allylboration.  Selectivity arises from chiral 
induction by the CPA anchored to the TS through hydrogen bonds. Solid 
green lines show electrostatic interactions, while grey lines show forming 25 

bonds. Computations performed at M06-2X/6-31G**//ONIOM 
(B3LYP/6-31G**:UFF), with interaction free energies given in kcal/mol. 

3.3. Cooperative C(sp2)–H and C(sp3)–H donors 

In complex transition states, mixed hybridizations of C–H···O 
interactions can and often do occur. 30 

 We reported in 2010 the mode by which proline sulfonamide 
catalysts effect stereocontrol in an aldol (Figure 9).44 The 
sulfonamide oxygens non-classically hydrogen bond with the 
formyl proton of the electrophile. In addition, another 
sulfonamide NCHB with the cyclohexyl methylene group is only 35 

possible in the anti-enamine approach of the electrophile. 

 

Figure 9 Proline sulfonamide-catalyzed aldol reaction. A formyl NCHB 
selects for the re face of the incoming aldehyde. Computations performed 
at SCS-MP2/cc-pV∞Z//B3LYP/6-31G*, with interaction free energies 40 

given in kcal/mol. 

 Planar-chiral DMAP derivative catalyst, PPY*, was known for 
almost two decades as a general catalyst for ketene additions. Our 
recent report45 on the mechanism and stereocontrol behind 
planar-chiral PPY*-catalyzed pyrrole additions46 to ketenes 45 

uncovered the importance of C(sp3)–H···O in this catalyst’s 
general mode of ketene activation.47 Shown in Figure 10, 
following nucleophilic addition of the catalyst to the ketene, the 
ketene enolate oxygen is sandwiched between the ferrocene rings 
in a cage of NCHBs formed from the top cyclopentadiene and the 50 

bottom permethylated cyclopentadiene. This both stabilizes the 
alkoxide and, in combination with the planar chirality of the 
catalyst, imparts selectivity in the subsequent nucleophilic attack 
by the incoming pyrrole.   

 55 

Figure 10 Planar-chiral PPY*-ketene enolate is exposed on the si-face. 
Solid green/dotted red lines show electrostatic interactions. Computations 
performed at SCS-MP2/def2-∞//B3LYP/6-31G*, with free energies given 
in kcal/mol. 

4 Application of C–H···O Model to a New 60 

System 

Full and developing negative charges in TSs can be stabilized 
though NCHB interactions. Methylene and methine units α to a 
full or developing positive charge have increased NCHB donating 



 
ability. If a nearby developing negative charge is 
conformationally able to come into van der Waals proximity, 
stabilizing C–H···O interactions will occur. These interactions 
become stereocontrolling when they introduce conformational 
preference and rigidity in the presence of pre-existing chiral steric 5 

environment. Analyzing reactions in these terms suggest that the 
NCHB contributes to the stereocontrol of a wider variety and 
range of reactions than presently recognized in the literature. 
 Lu’s 2011 report48 of an enantioselective phosphinothiourea-
catalyzed49 Morita-Baylis-Hillman reaction displays many of the 10 

factors necessary for the existence of stereocontrolling C–H···O 
interactions (Figure 11). In the proposed transition state model, 
the enolate approach is controlled by classical hydrogen bonds 
with the thiourea moiety. However, we postulate that there is a 
developing negative charge on the electrophile carbonyl oxygen 15 

that is stabilized by non-classical hydrogen bonds to the 
hydrogens of the phosphonium α-methylene group (48, 
highlighted in blue).50  
 Through classical hydrogen bonding, the thiourea moiety 
controls the E/Z enolate geometry; this combined with the OTBS 20 

group blocking the top face allows approach of the electrophile to 
the bottom face of the enolate.  The geometric constraints 
imposed by the C(sp3)–H···O interaction controls the face of the 
approaching electrophile. The electrophile must approach with 
the re face, orienting the p-nitrophenyl group exo to avoid steric 25 

occlusion with the catalyst. 

 

Figure 11 We propose that a critical NCHB controls the stereoselectivity 
of Lu’s phoshinothiourea-catalyzed MBH reaction. C(sp3)–H donors 
highlighted in blue. 30 

5 Conclusions 

These studies provide a set of guidelines and scenarios where 
critical and selective stabilizing non-classical hydrogen bonding 
C–H···O interactions might be operative so that informed 
predictions may be made without the use of computations.  35 

Although transient and relatively weak, C–H···O interactions are 
strong enough to render complete control of selectivity in 
synthetic reactions. These interactions may be much more 
prevalent, and perhaps more commonplace in stereocontrol than 
currently acknowledged.  40 
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