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ABSTRACT: We describe a photochemical method to introduce a single alcohol function directly on cucurbit[n]urils (n = 5, 6, 7, 

8) with conversions of the order 95-100% using hydrogen peroxide and UV light. The reaction was easily scaled up to 1 gram for 

CB[6] and CB[7]. Spin trapping of cucurbituril radicals combined with MS experiments allowed us to get insights about the reac-

tion mechanism and characterize CB[5], CB[6], CB[7] and CB[8] monofunctional compounds. Experiments involving 
18

O isotopi-

cally labeled water indicated that the mechanism was complex and showed signs of both radical and ionic intermediates. DFT cal-

culations allowed estimating the Bond Dissociation Energies (BDEs) of each hydrogen atom type in the CB series, providing an 

explanation of the higher reactivity of the ‘equatorial’ C-H position of CB[n] compounds. These results also showed that, for 

CB[8], direct functionalization on the cucurbituril skeleton is more difficult because one of the methylene hydrogen atoms (Hb) has 

its BDE lowering within the series and coming close to that of Hc thus opening the way to other types of free radicals generated on 

the CB[8] skeleton leading to several side-products. Yet CB[5]-(OH)1 and CB[8]-(OH)1 , the first CB[8] derivative, were obtained 

in excellent yields thanks to the soft method presented here. 

INTRODUCTION 

Cucurbit[n]urils (CB[n])
1
 belong to a growing family of syn-

thetic macrocycles displaying many unprecedented properties. 

Among them, the exceptional recognition abilities of CB[7],
2
 

or the formation of charge-transfer ternary complexes of 

CB[8]
3
 enabling the non-covalent “clicking” of dendrimers,

4
 

peptides,
5
 polymers

6
 or proteins

7
 have opened up new avenues 

in supramolecular and surface chemistry. While great pro-

gresses have been obtained with cucurbiturils, two main limi-

tations still prevent many potential applications.
1
 First,  the 

very low solubility of CB[6] and CB[8] in water
8
 (< 0.1 mM) 

and second the challenging task to introduce functional groups 

on the CB skeletons.
9
 Whereas the addition of suitable guests 

has partially addressed the former point,
10

 the preparation of 

functionalized cucurbiturils remains difficult for CB[7] and 

has still to be reported for CB[8].
11

 Due to the rather small size 

of the CB[6] cavity, monofunctional higher size cucurbiturils 

are highly desirable in order to open up new supramolecular 

perspectives where larger containers are required. In 2011 and 

2012, two papers appeared using two different strategies. In 

the first one, Isaacs used a glycoluril hexamer precursor before 

reaction with a suitably functionalized glycoluril affording a 

monofunctional CB[7] in a 5 step sequence.
12

 In the second 

one, Scherman reported the preparation of mono-hydroxylated 

CB[6]
13

 using a modified method published earlier by Kim
14

 

using persulfate salts. Since then, the Kim method has been 

optimized to obtain monohydroxy CB[7] in one step.
15

 How-

ever, the reaction conversions are not quantitative, requiring 

non trivial and time-consuming purification steps, and a mon-

ofunctional CB[8] derivative such as CB[8]-(OH) is still miss-

ing. Whatever the tedious work, two astonishing applications 

emerging from functionalized CBs were reported recently. In 

the first one, Kim used monofunctional CB[7]-(OH) to graft 

CB[7] on a solid support and designed a complementary sur-

face carrying ferrocenium groups enabling the construction of 

a supramolecular Velcro working under water.
15

 In the second 

work, Isaacs introduced a single functional group outside the 

skeleton of CB[7] to target cancer cells while preserving the 

cavity available for drug transportation.
12d

 Herein, we report a 

method allowing the easy preparation of monohydroxy-CB[n] 

(CB[n]-OH, n = 5 to 8) in high yields based on the photo-

irradiation of hydrogen peroxide in the presence of cucurbitu-

rils in water. We also provide some evidence that the reaction 

proceeds by hydrogen abstraction of the pseudo-acidic equato-

rial hydrogen atoms of the CB[n] and explain why it has been 

difficult until now to prepare a monofunctional CB[8] deriva-

tive. 

 

RESULTS AND DISCUSSION 

Synthesis. Based on the work of Kim et al., we have been 

interested in testing the UV photolysis of hydrogen peroxide 



 

 

( = 254 nm, Rayonet reactor) as a source of hydroxyl radicals 

(Scheme 1). Our motivation was based on the use of hydrogen 

peroxide as the sole reagent, the high efficiency of the reac-

tion, its easy control, and the formation of water only as a side 

product. Attempts using Fenton reaction (H2O2, FeSO4) in the 

presence of CB[7] were unsuccessful due to the precipitation 

of the cucurbituril by Fe(II). 

 

 

Scheme 1. Synthesis of monohydroxy-cucurbit[n]urils. 

 

A series of experiments was performed in water to optimize 

reaction conditions and one key parameter was the concentra-

tion of hydrogen peroxide. Below 1 mM, the reaction hardly 

produced CB[n]-(OH) but on the other hand, at concentrations 

above 4 mM, a white precipitate formed consisting of degrada-

tion products of CB[n] containing macrocycles lacking carbon 

atoms, with or without –OH groups (see MS section below 

and Figures S1 to S3) and leading to dramatic decreases of the 

reaction yield. It was then noticed that aqueous HCl improved 

the homogeneity of the mixture and allowed to extend the 

reaction to CB[6] and CB[8] which were otherwise hardly 

soluble in water. Thus, aqueous acidic solutions (HCl, 5 M) 

were used and the reaction evolution was monitored by 
1
H 

NMR after freeze-drying of aliquots. This procedure allowed 

optimizing the reaction time for almost quantitative conver-

sions (Figure S4, Table 1) thus avoiding difficult purification 

steps. Longer UV irradiation times generally led to over-

hydroxylated products (Figure S1). Typically around 100 mg 

of each cucurbituril was used affording each monohydroxy 

analogue in excellent yields (Scheme 1). At the end of the 

reaction, the solvent was evaporated under reduced pressure 

using a rotavapor. Furthermore, adding HCl (5M) allowed to 

scale up the reaction to 1 g of CB[6] for which CB[6]-(OH) 

was obtained in 2 hours with a purity > 95% as determined by 
1
H NMR (Figure 1). The reaction works equally well for 

CB[7] affording 1g of CB[7]-(OH) in 6 hours. This reaction 

can be repeated to produce several grams of the relevant mon-

ohydroxyl-cucurbituril in one day. The data summarized in 

Table 1 show that almost quantitative conversions were 

reached for each cucurbituril enabling to use directly the crude 

product with a purity > 90-95% by 
1
H NMR for further reac-

tions. For CB[6], using a higher concentration of H2O2 in HCl 

5M clearly showed that CB[6]-(OH)2 and CB[6]-(OH)n (n>2) 

can be obtained also in high yields (Figure S8). 

The 
1
H NMR spectra in D2O for the series of CB[n]-(OH) are 

reported in Figure 1 and show all integrals to be in line with 

expectations and correlates well with that already reported for 

CB[6]-(OH).
13 

Compared to the typical three peak, doublet, 

singlet, doublet, observed in
 1

H NMR spectra of CB[n], a new 

and characteristic peak is observed in the 5.3 ppm area, as-

signed to the H atom in equatorial position next to the hydrox-

yl group grafted on the relevant glycoluril unit (Ha). 

*: based on 1H NMR. **: purified by recrystallization, Figure S5. 

 

 

Figure 1. 400MHz 1H NMR spectra in D2O of CB[5]-(OH), 

CB[6]-(OH), CB[7]-(OH) and CB[8]-(OH) respectively in a), b), 

c), and d). Cystamine was used in a), b) and d) for full solubiliza-

tion. 

 

Furthermore, additional signals are observed due to the sym-

metry cancelation of the CB skeleton, and the integral values 

in the CB series are consistent with the expected structures 

(Figure 1). The structures of CB[n]-(OH) were further con-

firmed by 
13

C NMR, High Resolution MS analyses and X-ray 

crystallography (Figure 2 and supporting information Figures 

S9 to S16). The X-ray diffraction data show a single hydroxyl 

group disordered over 6 positions for CB[5], 4 positions for 

CB[6] and 8 positions for CB[8]. This disorder is inherent to 

the CB structures owing to their symmetry. Calculations of 

electron densities around the CB skeletons agreed with the 

structures shown in Figure 2. 

Table 1. Reaction conditions and conversions for the preparation of 
CB[n]-(OH)1 (n=5 to 8,  = 254 nm, 16 light bulbs in Rayonet reac-
tor). 

CB[n]-(OH)1 CB[n] conc. [H2O2] Conversion* reaction time 

CB[5]-(OH) 2 mM 1 mM 95% 2H 

CB[6]-(OH) 2 mM 1 mM 95-100% 2H 

CB[7]-(OH) 2 mM 1 mM 95-100% 5H 

CB[8]-(OH) 1 mM 0.5 mM 90%** 4H 



 

 

Table 2. Bond Dissociation Energies (BDEs) for the C-H bonds corresponding to the abstraction of hydrogen atoms Ha, Hb and Hc from CB[5] 
to CB[8] leading to cucurbituril radicals. 

 

BDE (kcal.mol-1) Ha abstraction 

(secondary radical) 

Hb abstraction 

(secondary radical) 

Hc abstraction 

(tertiary radical) 

Hb-Hc 

(kcal.mol-1) 

Structure of the  radicals  

 

 

 

 

 

 

CB[5]  (kcal.mol-1) 101.01 95.77 88.36 7.41 

 angle (°)a
 65.6 38.0 25.7 

Offset from flatness (Å) 0.25 0.31 0.40 

 angles around radical center (°) 349.2 342.9 337.3 

CB[6] (kcal.mol-1) 101.72 93.22 88.68 4.54 

 angle (°)a
 64.9 29.8 25.7 

Offset from flatness (Å) 0.25 0.29 0.40 

 angles around radical center (°) 348.7 344.7 337.0 

CB[7] (kcal.mol-1) 102.81 92.00 89.05 2.95 

 angle (°)a
 66.0 25.5 25.4 

Offset from flatness (Å) 0.26 0.28 0.40 

 angles around radical center (°) 348.4 346.0 337.0 

CB[8] (kcal.mol-1) 103.73 91.40 89.25 2.15 

 angle (°)a
 67.1 23.0 25.1 

Offset from flatness (Å) 0.26 0.27 0.40 

 angles around radical center (°) 348.4 346.9 337.1 

a Angle between the SOMO orbital and the 1st and 2nd  N-C-O 
systems (see Scheme 2).  

 

 

Figure 2. Crystal structures of CB[5]-(OH), CB[6]-(OH) and 

CB[8]-(OH) with the OH group disordered over 6 positions for 

CB[5]-(OH), 4 positions for CB[6]-(OH) and 8 positions for 

CB[8]-(OH) (the % occupancy for each corresponding position is 

given in parenthesis, guests and solvent removed for clarity). 

 

Several crystal batches of CB[5]-(OH), CB[6]-(OH) and 

CB[8]-(OH) were prepared but ended up with the same disor-

dered structures. All attempts to crystallize CB[7]-(OH) were 

unsuccessful. Because the hydroxyl radical is a highly reactive 

species, we sought for stereo-electronic arguments to rational-

ize the highly selective hydroxylation at position c (Figures 1 

and 2 and Table 2) as observed by NMR and X-ray crystallog-

raphy.
13-15 

 

DFT calculations: C-H Bond Dissociation Energies. DFT 

calculations of bond dissociation energies (BDE) of the C-H 

bonds were performed using the software Gaussian 09 Rev. 

D01 (Table 2). The geometries of the species were optimized 

at the B3LYP/6-31G(d) level and vibrational frequencies were 

calculated at the same level of theory to ensure that the opti-

mized geometries are true minima. The corresponding thermal 

corrections were included to obtain the enthalpy values under 

the standard conditions (p = 1 atm and T= 298.15 K). The 

BDE was calculated by subtracting the enthalpies of the CB 

centered radical and hydrogen atom radical from that of the 

relevant cucurbituril. For example, the calculation of the BDE 

corresponding to the cleavage of hydrogen Hc from CB[7] is 

equal to [H(CB[7]c•) + H(H•)] – H(CB[7]). All three 

CB[n] minus Ha, CB[n] minus Hb, and CB[n] minus Hc reac-

tions were considered. However, CB[n] minus Ha and CB[n] 

minus Hb generate a unique CB[n]• species because of the low 

inversion barrier at the radical center. Nevertheless, we will 

consider CB[n]•-(Ha), CB[n]•-(Hb) and CB[n]•-(Hc) for the 

BDE discussion because each reaction is different. Ha, Hb and 

Hc are carried by carbon atoms which are connected to two 

nitrogen atoms, but there are two types of radicals after hydro-

gen abstraction: the products CB[n]•-(Ha) and CB[n]•-(Hb) are 

secondary radicals and CB[n]•-(Hc) is a more stabilized ter-

tiary radical. Considering only BDE values within the series, 

the CB[n]−Ha bond has the highest energy, of the same order 

of magnitude than that of the C−H bond in isobutane (ter-butyl 

radical = 96.5 kcal.mol
-1

)
16

 and does not change from CB[5] to 

CB[8] (Table 2). For position Hc, the C−H bond has the lowest 

energy in the series, because of the tertiary feature of the radi-

cal and of the allylic character due to the partial delocalization 

of the unpaired electron on the two adjacent nitrogen atoms 

involved in two urea functions. The BDE of CB[n]−Hc stays 



 

 

nearly constant within the series CB[5] to CB[8] (from 88.4 to 

89.3 kcal.mol
-1

). For position Hb however, the BDE in CB[5] 

is of the same order of magnitude as that of Ha but the BDE 

value decreases in the series from 95.8 to 91.4 kcal.mol
-1

 go-

ing from CB[5] to CB[8]. This trend can be due to a gradually 

stabilizing effect of the radical and loosening of the C-H bond 

due to an improved delocalization ability of the radical when 

going from CB[5] to CB[8]. When looking at the angle  

between the Single-Occupied Molecular Orbital (SOMO) of 

the radical and the  systems next to it in the series (Scheme 

2), this angle does not change from CB[5] to CB[8] for posi-

tions Ha and Hc with values of 65.9±1.2° and 25.5±0.4° re-

spectively. 

 

 

Scheme 2.  angle between the SOMO orbital of the CB[5]•-Hb 

free radical and the  system of the adjacent nitrogen atoms. 

 

However, for Hb, this angle decreases from 38 to 23° progres-

sively, increasing the allylic character of the radical thus loos-

ening the corresponding C-H bond (BDE of allylic C-H bond: 

96.7 kcal.mol
-1

). Thus, even being the source of a secondary 

radical, the BDE of CB[n]−Hb is decreasing within the series 

until reaching a BDE value close to the one of CB[n]−Hc in 

CB[8]. This small BDE difference could be at the origin of the 

more tedious hydroxylation of CB[8]
14

 with H atom abstrac-

tion reactions occurring not exclusively at the c position but 

also at position b which is more prone to evolve to decay 

products (ring opening and missing methylene bridges, vide 

infra). The SOMO of the CB[8]•-(Hc) radical shows a sub-

stantial delocalization of its electron in the two nitrogen con-

taining  systems of the neighboring ureidic groups. The sum 

of angles around the radical center which reflects the offset 

from flatness stays constant within the series. These data re-

flect that the pyramidalization character is not cucurbituril 

dependent and that the CB radical corresponding to Hc ab-

straction is a little more pyramidal, most probably as a conse-

quence of the cyclic strain imposed by the cucurbituril ring 

structure on this tertiary radical.  

From DFT calculations, the selectivity in the H atom abstrac-

tion by hydroxyl radicals appears more clearly, with a more 

likely Hc hydrogen abstraction position for CB[n]. With a 

BDE of the order of 88-89 kcal.mol
-1

, the other two bonds 

have higher energies at 91-96 and 101-104 kcal.mol
-1

 for Hb 

and Hc respectively. These results bring insights on the fa-

vored ‘equatorial’ position functionalization as also reported 

by Kim for the per-hydroxylation of cucurbit[n]urils (n = 5 to 

8),
14

 and could in part explain the CB[8] ring structure regard-

ing direct functionalization.  

 

EPR-Spin Trapping and High Resolution MS. Beside the 

work of Kim
14,15

 and Scherman
13

 on cucurbituril hydroxyla-

tion, another team has recently reported the immobilization of 

CB[7] on solid supports via a photochemical reaction with 

azido groups
17

 but little was reported concerning the underly-

ing mechanism. Likewise, Fuenzalida and Fuentealba reported 

protection of encapsulated dyes against photodegradation by 

radicals generated by the Fenton reaction.
18

  

As part of our work on cucurbiturils
19

 and on the development 

of the EPR - spin trapping technique for the characterization of 

transient free radicals,
20,21

 we performed a series of experi-

ments where spin traps were added to the hydroxylation reac-

tion of CBs in order to get indirect evidence for the formation 

of CB[7]• or CB[8]• radicals. Nitroxide spin adducts are gen-

erated and their paramagnetic character allowed to investigate 

the radical trapped by EPR spectroscopy (Figure 3a). 

 

 

Figure 3. (a) Spin trapping of HO• radical by PBN. (b) Experi-

mental EPR spectrum (black) and simulation (red) after spin 

trapping of the hydroxyl radical by PBN in the presence of CB[8]. 

Simulations indicate a 33/64 ratio of PBN-•OH and PBN-•CB[8] 

nitroxides spin adducts respectively. The star is for an unknown 

paramagnetic species accounting for ~3% of the signal. (c) Pro-

posed spin trapping scheme of the CB[8]• radical. 

 

A set of nitrone spin traps was investigated and among them, 

the linear molecules (PBN and PyOBN) gave the most useful 

EPR spectra (Figure 3) as compared with cyclic analogues 

(DMPO or DIPPMPO,
22

 spin trap structures in supporting 

information). Using PBN as spin trap, the signals are well 

resolved in the case of CB[8] (Figure 3), and the assignment of 

the spectra can be satisfactorily simulated assuming the super-

position of the signal of the HO-spin adduct of PBN (PBN-



 

 

OH), (aN = 1.64 mT; aH = 0.28 mT) and a second spin adduct. 

This second spin adduct has EPR features of a carbon frag-

ment connected to two equivalent nitrogen atoms (aN = 1.62 

mT, aH = 0.095 mT, aN (2 N) = 0.08 mT, Figure 3b). This 

represents the first spin labelled cucurbituril and this nitroxide 

is persistent. The very small -coupling indicates that the -

hydrogen lies in the nodal plane of the nitroxide group and this 

geometry together with the steric hindrance of the cucurbituril 

moiety likely prevent a rapid disproportionation of the nitrox-

ide (Figure 3c). To confirm the presence of the PBN nitrone in 

solution and not as an inclusion complex in CBs, control 
1
H 

NMR titrations were performed and showed that the binding 

of PBN toward CB[7] is weak (Ka 293K ≈ 189 M
-1

, yielding only 

8% of complexed PBN under the conditions of EPR experi-

ments). Similarly, no significant complexation-induced shifts 

were observed in 
1
H NMR spectra with CB[8], in line with a 

low binding toward CB[8]. To get further details on the struc-

tures of CB[n]• radical, we used nitroxides to trap the generat-

ed radical. TEMPO nitroxides are known to react with carbon 

centered radicals at rates ~ 10
7
-10

8
 M

-1
.s

-1
 to produce stable 

alkoxyamines.
23

 When the stable free radical 4-methoxy-

2,2,6,6-tetramethylpiperidinyloxy (4M-TEMPO after referred 

to as 4M) was added (4 mM) to a mixture containing CB[7] (2 

mM) and H2O2 (2 mM), after UV irradiation, MS analyses  

indicated that 4M acted as a trapping agent for the CB[7]• 

radical. Indeed, due to the bimolecular character of the addi-

tion reaction and of the small steady state concentration of 

CB• radical, a small amount of diamagnetic adduct is formed 

but still detectable by MS. In ESI-MS experiments, a peak 

corresponding to the sum of the masses of 4M and CB[7] 

minus one hydrogen was detected and unambiguously as-

signed to a covalent CB[7] adduct because the non covalent 

complex 4M@CB[7] would have shown a mass with one mass 

atomic unit more. Therefore, the peak at m/z 691.7765 (calc. 

m/z 691.7764) corresponds to the species [CB[7]-

H+4M+2NH4]
2+

 (elemental composition: C52H69N31O16
2+

) and 

clearly supports the trapping of a CB[7]• radical by nitroxide 

4M (supporting information Figure S17). This result agrees 

well with the observed monohydroxylated product observed 

by MS for the CB[7]/HO• system alone. Similar results were 

obtained with TEMPO as trapping agent (supporting infor-

mation).  

Hydroxylation and decay reactions. As shown in Table 3, 

the best hydrogen peroxide concentration for CB[8] monohy-

droxylation is 0.5 mM. Above this concentration, additional 

products are seen by NMR in the form of additional broad 

signals in the CB region. Table 3 highlights the influence of 

hydrogen peroxide concentration and reaction time on the 

reaction distribution products. Other parameters were investi-

gated and it was found that a number of 16 light bulbs gave 

the highest conversions. Magnetically stirring was also im-

portant as was the influence of oxygen (O2) dissolved in the 

mixture since either not stirring or bubbling oxygen prior to 

the reaction resulted in either slower kinetics or detection of 

side-products respectively (Figure S19).  

To get further insights on the side-products formed during the 

reaction, high-resolution MS analyses were performed for a 

sample where CB[8] was subjected to UV irradiation in the 

presence of H2O2 at 5.6 mM. 
 

 

Table 3. Conversion of CB[8] toward the formation of CB[8]-(OH)1 

( = 254 nm, 16 light bulbs in Rayonet reactor, CB[8] concentration 
2 mM except 1 mM for [H2O2]=0.5 mM). 

Time/min 
[H2O2] / 

5.6 mM 

[H2O2] / 

2.8 mM 

[H2O2] / 

2.0 mM 

[H2O2] / 

0.5 mM 

10 ~30%* 12% 10% 5% 

20 ~40%* 20% 20% 10% 

30 ~50%* ~30%* 25% 15% 

40 ~60%* ~50%* ~35%* 15% 

50 ~80%* ~70%* ~50%* 20% 

60 ~100%* ~80%* ~70%* 30% 

70  ~100%* ~80%* 50% 

80   ~100%* 65% 

90    70% 

100    80% 

110    90% 

120    100% 

130    ~100%* 

*: additional products as detected by 1H NMR. 

 

Because cucurbiturils with missing carbons on the glycoluril 

moiety were never observed, we postulated the vacancy of one 

or two methylene bridging carbons as reported for nor-seco 

cucurbituril analogues by Isaacs.
24 

Results are shown in Figure 

4 after addition of cystamine to ensure solubilization of all 

possible compounds similar in structure to CB[8]. Conse-

quently, all peaks are measured as cystamine adducts in the 

form [CB*+cystamine+2H]
2+

. On the basis of the elementary 

composition determined by high-resolution MS measurements 

(supporting information Table S7), the different ions with 

structures given in Figure 4 were proposed. Beside expected 

peaks for CB[8] (species number 4, m/z 741.2259) and CB[8]-

(OH) (m/z 749.2235), there is a number of other compounds, 

hydroxylated, with missing carbons, or both. For example nor-

seco analogues with one (species 2, m/z 735.2257) or two 

(species 1, m/z 729.2260) missing carbon atoms were detected. 

For symmetry reasons, species 2 is unique but there are no 

reasons for species 1 why two missing carbons would be adja-

cent or affording symmetrical products. Accordingly, mixtures 

for which the positions of missing carbons are random are 

expected. Other analogues with one, two or three –OH groups 

are also detected. There are also peaks which can be assigned 

to different isomeric species where functional groups are dif-

ferent (Figure 4, species 6, 8, 10 and 12, supporting infor-

mation).
25

 Thus, it appears that the generation of the hydroxyl 

radicals by UV photolysis of hydrogen peroxide has to be 

well-balanced in order to avoid the formation of over-oxidized 

products and to control the kinetics of the competitive reac-

tions. Finally, we observed slight differences among cucurbi-

turils, especially for CB[8] where, depending on CB[8] batch-

es, the optimal reaction time was adjusted between 2 and 4 

hours. Because cucurbiturils radicals are formed rapidly at the 

beginning of the reaction, direct functionalization was as-

sessed by trapping the CB-based radical by an acrylate mono-

mer. Maleic anhydride (MA) was then added in the reaction 

medium because of its propensity to avoid homopolymeriza-

tion.  



 

 

 

Figure 4. High-Resolution electrospray mass spectrum after 

reaction of CB[8] with H2O2 (5.6 mM in HCl 5M after freeze-

drying), of the redissolved mixture using cystamine. Possible 

chemical modifications are shown as the $ or the * symbols 

(random position of the modification is expected). Cases were 

several other isomers can be envisioned are for peaks 6, 8, 10 

and 12 for which other possible structures are shown at the 

bottom (6) and in the supporting information (8, 10 and 12). 

 

Unfortunately, no direct grafting could be observed irrelevant 

of the quantity of MA added. 

Isotopically labeled CB[7]-(
18

OH). In order to get further 

details on the full mechanism of the hydroxylation step, 
18

O 

isotopically labeled water (H2
18

O, 96% 
18

O) was employed to 

assess the radical or ionic character of the hydroxylation step 

using ESI HRMS experiments (Scheme 3). 

 

Scheme 3. Possible radical and ionic mechanisms leading to 

CB[n]-(OH). 

 

From HR-MS analyses, a 37/63 ratio was obtained with the 

unlabelled CB[n]-
16

OH formed as the major product, indicat-

ing that both mechanisms seems to contribute, with a major 

extend on the ionic mechanism (Figure 5). 

 

 

Figure 5. ESI mass spectrum (excerpt on the 605-610 m/z range) 

obtained for a) sample A, experiment using H2
16O) and b) sample 

B (experiment using H2
18O, see SI). Inset: theoretical isotopic 

pattern of [CB[7]-(OH)1+2NH4]
2+ (C42H50N30O15

2+). 

 

In order to perform relative quantification of isotopically la-

beled and unlabeled species, which only differ by 1 m/z unit 

and hence  yield interfering isotopic patterns, the following 

correcting procedure was implemented. In Figure 5b, the third 

isotopic peak of CB[7]-(
16

OH) and the first isotopic peak of 

CB[7]-(
18

OH) both contribute to the signal at m/z 608.2. None-

theless, individual contribution of each species can be estimat-

ed since the intensity of the third isotopic peak of CB[7]-

(
16

OH) can be predicted based on the intensity measured for 

the first isotopic peak of CB[7]-(
16

OH) at m/z 607.2. Theoreti-

cal intensity ratio of peaks at m/z 608.2 and m/z 607.2 in the 

isotopic pattern of C42H50N30O15
2+

 is 20.11%. The experi-

mental I(m/z 608.2)/I(m/z 607.2) ratio, found to be equal to 

26.32% ± 0.95 (95% confidence, supporting information), was 

then used to estimate the contribution of CB[7]-(
16

OH) to the 

peak at m/z 608.2 based on intensity measured for CB[7]-

(
16

OH) at m/z 607.2 in a set of ten replicate analyses. Finally, 

so-obtained data were subtracted from measured I(m/z 608.2) 

values to reach the actual contribution of CB[7]-(
18

OH) to the 

peak at m/z 608.2. Based upon the reasonable assumption that 

both unlabeled and labeled compounds were electrosprayed 

with similar ionization yields, relative concentration of each 

species were estimated to be such as 63.2% of CB[7]-(
16

OH) 

and 36.8 % CB[7]-(
18

OH). This shows that, beside the ex-

pected radical pathway (Scheme 3), nucleophilic addition of 



 

 

water on a carbocation is expected to explain the presence of 

the observed non-labeled CB[7]-
16

OH. This carbocation likely 

originates from the one-electron oxidation of CB[7]• radical. 

Thus, isotopic 
18

O labeled experiments indicate that a signifi-

cant part of the hydroxylation reaction takes place via an ionic 

mechanism (through CB[7]
+
 cation) before probable nucleo-

philic addition of water. Finally, and even though several 

reaction parameters were investigated in detail, the high selec-

tivity of the monohydroxylation reaction remains unclear. 

Further work is needed to fully address the observed results 

and possibly extend the scope of the reaction to directly intro-

duce other functional groups. 

 

CONCLUSION 

 

 In summary, the methods previously available for CB func-

tionalization, although particularly elegant, relied either on a 

multiple-step sequence to introduce a functional monomer 

before macrocylic closing or on moderate yield reactions using 

S2O8 salts as radical initiator. However, we reported herein a 

method using a controlled generation of hydroxyl radicals 

from hydrogen peroxide, to rapidly obtaining each of the main 

members of the cucurbituril family as monohydroxy deriva-

tives, including CB[8]-(OH), without contaminations by metal 

or alkaline salts. Calculations of bond dissociation energies 

(BDE) of the C-Hc, C-Hb and C-Ha carbon-hydrogen bonds 

revealed that the Hc position is the more prone to react and 

that, for CB[8], radicals generated from abstraction at position 

b are almost as stable as those generated from abstraction at 

position c likely opening a pathway for undesired reactions 

leading to decay products. As we anticipate an expanded use 

of monofunctional cucurbiturils as was seen for cyclodextrins 

a few decades ago, we believe that this method can be widely 

applied for the introduction of a variety of other functional 

groups on the exterior skeleton of cucurbiturils for targeted 

applications.  
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