
This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
author guidelines.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the ethical guidelines, outlined 
in our author and reviewer resource centre, still apply. In no 
event shall the Royal Society of Chemistry be held responsible 
for any errors or omissions in this Accepted Manuscript or any 
consequences arising from the use of any information it contains. 

Accepted Manuscript

rsc.li/dalton

Dalton
 Transactions

An international journal of inorganic chemistry
www.rsc.org/dalton

ISSN 1477-9226

PAPER
Joseph T. Hupp, Omar K. Farha et al.
Effi  cient extraction of sulfate from water using a Zr-metal–organic 
framework

Volume 45 Number 1 7 January 2016 Pages 1–398

Dalton
 Transactions

An international journal of inorganic chemistry

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  M. Bahrami, X.

Zhang, M. Ehsani, Y. Jahani and R. M. Laine, Dalton Trans., 2017, DOI: 10.1039/C7DT00373K.

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c7dt00373k
http://pubs.rsc.org/en/journals/journal/DT
http://crossmark.crossref.org/dialog/?doi=10.1039/C7DT00373K&domain=pdf&date_stamp=2017-03-02


 1

[PhSiO1.5]8,10,12 as nanoreactors for non-enzymatic introduction of ortho, meta or para-

hydroxyl groups to aromatic molecules.  
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1Macromolecular Science and Engineering, and Materials Science and Engineering, University 

of Michigan, Ann Arbor, MI 48109-2136, 2Department of Polymer Processing, Iran Polymer and 

Petrochemical Institute, 14965/115, Tehran, Iran. 3Department of Chemistry, Harbin Institute of 

Technology, Harbin 150001, China.   

 

Abstract 

Traditional electrophilic bromination follows long established “rules:” electron-withdrawing 
substituents cause bromination selective for meta positions, whereas, electron-donating substitu-
ents favor ortho and para bromination. In contrast, in the [PhSiO1.5]8,10,12 silsesquioxanes, the 
cages act as bulky, electron withdrawing groups equivalent to CF3; yet bromination under mild 
conditions, without catalyst, greatly favors ortho substitution. Surprisingly, ICl iodination with-

out catalyst favors (>90 %) para substitution [p-IC6H4SiO1.5]8,10,12. Finally, nitration and Friedel-
Crafts acylation and sulfonylation are highly meta selective, > 80 %. 

In principle, the two halogenation formats coupled with the traditional electrophilic reactions 
provide selective functionalization at each position on the aromatic ring. Furthermore, halogena-
tion serves as a starting point for the synthesis of two structural isomers of practical utility, i.e. in 
drug prospecting. The o-bromo and p-iodo compounds are easily modified by catalytic cross-
coupling to append diverse functional groups. Thereafter, F-/H2O2 treatment cleaves the Si-C 
bonds replacing Si with OH. This represents a rare opportunity to introduce hydroxyl groups to 
aromatic rings, a process not easily accomplished using traditional organic synthesis methods. 
The as-produced phenol provides additional opportunities for modification. Each cage can be 
considered a nano-reactor generating 8-12 product molecules. Examples given include syntheses 
of 4,2’-R,OH-stilbenes and 4,4’-R,OH-stilbenes (R = Me, CN). Unoptimized cleavage of the Br/I 
derivatives yields 55-85% phenol. Unoptimized cleavage of the stilbene derivatives yields 35-40 
% (3-5 equivalents of phenol) in the preliminary studies presented here. In contrast, meta R-
phenol yields are 80 % (7-10 mols per cage). 
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Introduction 

Hydroxylated aromatics (e.g. phenols) are categorized as large-scale commodities, organic 

intermediates and as important precursors in the pharmaceutical and agrochemical industries.1-15 

However, the introduction of hydroxyl groups to aromatic systems requires a moderately active 

oxygen species that does not coincidentally destroy the product via total oxidation. A recent pub-

lication describes the smooth C-Si bond cleavage of organosilicon compounds with NBS and m-

CPBA to produce the corresponding p-phenols, which complements the work reported here.16  

Hydrogen peroxide has several advantages over other common, low cost oxidants, most of 

them prepared from hydrogen peroxide itself. The active oxygen content for H2O2 exceeds all 

others save O3. Further, from an economic perspective the only byproduct is H2O.17-19
 

In commercial practice, Fenton’s reagent (Fe3+/H2O2) is an important tool as it produces ex-

tremely reactive hydroxyl radicals often used to treat industrial waste containing toxic organics 

like benzene, phenol, dyes and pesticides in wastewater, sludges or contaminated soils to reduce 

toxicity, improve biodegradability and decolorize.20-23 It can also be used for oxyfunctionaliza-

tion of saturated hydrocarbons to the corresponding alcohols, aldehydes, ketones and carboxylic 

acids.24,25 Despite its numerous advantages, e.g. inexpensive water phase oxidation, its lack of 

selective oxidation and high oxygen reactivity frequently lead to over oxidation, limiting its syn-

thetic utility.26-27 

A review of the state-of-the-art in selective hydroxylation of aromatic compounds suggests 

that oxidative cleavage of the Si-C bonds in [RPhSiO1.5]8,10,12 using Fleming-Tamao reagents 

represents a less explored but potentially quite viable approach to a wide variety of functional-

ized phenols. 
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The Fleming-Tamao oxidation of Si-C bonds has been used extensively in the generation of 

hydroxyl groups at carbon;28-35 and is particularly invaluable in natural products syntheses. In 

general, simple trimethyl and dimethylphenylsilyl groups have been used as “masked” hydroxyl 

groups. Synthetic routes that employ Fleming-Tamao oxidation as a means of generating substi-

tuted phenols are much less well known.34,35 Indeed, general and relatively unaggressive methods 

of generating phenolic compounds seem to be an area that deserves more attention. 

Our recent efforts to use F-/H2O2 promoted cleavage of the Si-C bonds in [RPhSiO1.5]8,10,12 to 

form phenols simply to verify substitution patterns on the cage phenyls provided the initial impe-

tus for the current work. Further motivation comes from the fact that o-bromination is highly 

favored in the [PhSiO1.5]8,10,12 cages [selectivity is 85 % in [PhSiO1.5]8, 70 % in [PhSiO1.5]10 and 

60 % in [PhSiO1.5]12 ].
36,37 This contrasts greatly with iodination with ICl which occurs almost  

exclusively in the para position [90-95 % para for all cages].38,39 Both of these reactions contrast 

with traditional nitration and Friedel Crafts acylation and sulfonylation of these cages where sub-

stitution at the meta position is highly favored [>80 % for all cages].40-42  

Both o-Br and p-I compounds are easily functionalized by traditional catalytic cross coupling 

to introduce the same moieties.43-45 We are now able to cleave the Si-C bonds in these com-

pounds to introduce hydroxyl groups in the ortho, meta, or para positions as we demonstrate 

below. Because each [RPhSiO1.5]8,10,12 cage will contain 8, 10 or 12 moieties with the same func-

tionality on one cage, F-/H2O2 cleavage will produce multiple examples of the same product, 

hence the term nanoreactor. 

Thus, given that the literature indicates that there are very few, efficient methods of introduc-

ing hydroxyl groups to aromatic molecules with the most successful being enzymatic,46-53 and 

given the importance that aromatic hydroxyl groups play in drug discovery for example;46,47 we 
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 4

initiated efforts to first understand the mechanism whereby selective ortho bromination occurs in 

the [PhSiO1.5]8,10,12 cages, as discussed recently.36,37 The current work represents efforts to show 

the generality of the cleavage reaction to form phenols with only limited efforts to optimize con-

versions. These efforts are summarized in Scheme 1. 

 For perspective purposes, the direct oxidation of benzonitrile to hydroxybenzonitriles was 

explored using nitrous oxide as oxidant with zeolite catalysts.52 Fe free catalysts give ≤ 73% se-

lectivity to hydroxybenzonitriles at benzonitrile conversions of 10%. Three isomers are produced 

with an o:m:p ratio of 1:6:3.52 Although not reported, one presumes that at higher conversions 

the initial products are further oxidized thereby limiting conversion efficiencies. 

In another study, chemically modified graphene (CCG) was used to catalyze the direct oxida-

tion of benzene to phenol using hydrogen peroxide as the oxidant.53 Conversion efficiencies of 

18-20 % provided phenol with 98 % selectivities.53 Again, higher conversions were not reported 

presumably for the same reasons. 

 

Scheme 1.  [RPhSiO1.5]10 cage compounds provide access to diverse ortho, meta, and para hy-
droxylated aromatic compounds and 2,5-dibromophenol in moderate to high yields. (Purple: Or-

tho, Green: Meta, Red: Para, Blue: difunctional) 
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Experimental Methods 

Materials. The compounds [PhSiO1.5]8,12 and [m-NitroPhSiO1.5]8  were received as a gift from 

Mayaterials Inc. [PhSiO1.5]10 was prepared using literature methods.54 Bromine, ICl (1.0 M in 

dichloromethane) and other synthetic reagents were purchased from Sigma Aldrich and used as 

received. Dichloromethane (CH2Cl2) was purchased from Fisher Scientific and distilled from 

CaH2 under N2 prior to use. Dioxane and THF were purchased from Fisher Scientific and dis-

tilled from Na/benzophenone under N2 prior to use. 

[o-BrPhSiO1.5]10,
36 [o-BrPhSiO1.5]12,

36 [o-BrPhSiO1.5]8,
55

 [p-IPhSiO1.5]12
39

 were synthesized 

using literature procedures. 

General Heck reactions of [p-IPhSiO1.5]12. To a dry 10-mL Schlenk flask under N2 was added 

0.50 g (0.16 mmol, 1.9 mmol-I) of I12DDPS, 19 mg (0.04 mmol) of Pd[P(t-Bu3)]2, and 18 mg 

(0.020 mmol) of Pd2(dba)3. 1,4-dioxane (3 mL) was then added by syringe, followed by NCy2Me 

(3.2mmol, 0.7 mL) and R-styrene (6.8 mmol). The mixture was stirred at 70 ᵒC for 48 h. Then 

reaction solution quenched by filtering through 1 cm Celite, which was washed with 5 mL THF. 

The solution was then precipitated into 200 mL methanol and filtered. The solid redissolved in 

10 mL THF and filtered again through Celite column to remove any remaining Pd particles, and 

then precipitated into 200 mL methanol.  

General Heck reactions of [o-BPhSiO1.5]8. To a dry 10-mL Schlenk flask under N2 was add-

ed 0.50 g (0.3 mmol, 2.4 mmol-Br) of [BrPhSiO1.5]8 , 22 mg (0.046 mmol) of Pd[P(t-Bu3)]2, and 

21 mg (0.023 mmol) of Pd2(dba)3. 1,4-dioxane (3 mL) was then added by syringe, followed by 

NCy2Me (3.7mmol, 0.8 mL) and R-styrene (8.70 mmol). The mixture was stirred at 70°C for 24 

h and then quenched by filtering through 1 cm Celite, which was washed with 5 mL THF. The 

solution was then precipitated into 200 mL methanol, filtered, and the solid re-dissolved in 10 
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 6

mL THF. This solution was then filtered again through a 1 cm Celite column to remove any re-

maining Pd particles, and re-precipitated into 200 mL methanol. Analytical data are presented in 

the discussion section below. 

Removal of residual Pd catalyst. To a dry 50-mL Schlenk flask under N2 was added 1.0 g of 

RStyrxPh8Si8O12 dissolved in 10 mL of toluene and 0.1 g of N-acetyl-L-cysteine dissolved in 1 

mL of THF. The solution was stirred overnight at room temperature and then filtered through a 

short silica gel column to remove the insoluble Pd-cysteine complex. The filtrate was then con-

centrated by rotary evaporation and precipitated into 200 mL of methanol or hexane. The product 

was filtered and dried in vacuum oven overnight. 

[m-AcetylPhSiO1.5]8. To a 250 mL Schlenk flask under N2, acetyl chloride (19.50 mL, 278.4 

mmol) was added into AlCl3 (20.10 g, 151.2 mmol) in 80 mL of 1:1 (v/v %) ratio of CH2Cl2/CS2 

solution. The mixture was stirred at 0° C under N2 for 15 min. [PhSiO1.5]8 (10 g, 9.72 mmol, -Ph 

80 mmol) was then added to the mixture and the solution was stirred for 5 h at 0° C and then 19 

h at room temperature. The reaction was quenched and the organic layer was extracted with 40 

mL CH2Cl2.  

The organic layer was washed with water and then was dried over sodium sulfate, the solvent 

removed by rotovap and 100 mL CH2Cl2 added to the flask. The resulting suspension was fil-

tered. The undissolved powder was dissolved in 100 mL CH2Cl2 and passed through the column. 

Then concentrated by rotovap and precipitated dropwise into 250 mL of hexane, which resulted 

in a white powder. The powder was collected by filtration, washed with hexane to yield 8 g of 

the product. 

Sulfonylation of [PhSiO1.5]8. This was a Fridel–Crafts reaction. [PhSiO1.5]8 (10.34 g, equiva-

lent to 80 mmol of phenyl groups) was suspended in dichloromethane (150 mL) and benzene 
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 7

sulfonyl chloride (28.32 g, 160 mmol) in a 250-mL, three-necked, round-bottomed flask 

equipped with a magnetic stirrer and a condenser. AlCl3 (21.33 g, 160 mmol) was added in three 

parts over a 10-min period. The mixture was stirred initially at 0˚C for a certain time and then 

allowed to warm to a temperature higher than room temperature for over 2 days. The final solu-

tion was poured into ice–water (150 g), and then, a pale yellow precipitate was collected by fil-

tration and washed with n-hexane (500 mL), ethanol (1500 mL), and water (1500 mL) in turn. 

The resulting solid was then recovered by filtration, redissolved in 50 mL of dichloromethane, 

filtered through a 1-cm Celite column, reprecipitated into 700 mL of cold ethanol, and vacuum-

dried for 8 h. This gave 19.05 g (8.8 mmol, 89% yield) of pale yellow powder.42 

Peroxide Oxidation of Silica Core. A 4.8 g sample of [BrPhSiO1.5]8/10/12, 2.5 g of KF, and 2.0 

g of NaHCO3 were added to a 250 mL round-bottom flask. Then 25 mL of THF was added and 

the mixture stirred until the silsesquioxane dissolved. Then, 25 mL of methanol and 20 mL of 

30% H2O2 were added, whereupon the silsesquioxane precipitated. This mixture was then re-

fluxed for 4 h over which time the solution became clear yellow and later precipitated white sili-

ca. The solution was then decanted to remove the silica and extracted with ethyl acetate/water 

three times in order to remove salts. The water layers were combined and extracted with addition 

ethyl acetate to ensure complete capture of any organic compounds. The combined organic lay-

ers were dried over sodium sulfate and evaporated to remove the solvents. The recovered prod-

ucts was analyzed by GC-MS, 1H NMR, or 13C NMR as discussed above or in SI. The yields for 

the individual compounds are as follows. 
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 8

Results and discussion 

We recently extended our observation of highly selective ortho bromination of [PhSiO1.5]8 to 

the larger [PhSiO1.5]10 and [PhSiO1.5]12 cages56 to ascertain selectivity differences vs cage size, 

geometry and electronic ground states as it offers an extreme contrast to ICl promoted iodination 

which, as noted above, occurs almost exclusively para for all cages. In contrast, nitration and 

Friedel Crafts acylation and sulfonation are highly meta selective.40-42 In these previous studies, 

we found that ortho bromination selectivity remains high; albeit, less selective than for 

[PhSiO1.5]8 primarily because the phenyl groups sit on the cages at average angles of 72° and 60° 

partially blocking access to the cage face where interaction with the cage LUMO guides the 

bromination process.36,37 

As discussed in the introduction, the ability to selective ortho or para halogenate 8 to 12 

phenyl groups at once coupled with the ability to further functionalize these cage bound phenyls 

via catalytic cross-coupling reactions provides routes to quite differently structured organic moi-

eties. The opportunity to effect hydroxylation by F-/H2O2 promoted cleavage of the Si-C bonds28-

35 offers unique utility if it can be developed as a general route to functionalized phenols, poten-

tial precursors to pharmaceuticals and/or agrochemicals. This then provides the motivation for 

the current work. 

    In the following sections we first briefly discuss efforts to assess ortho bromination selectivity 

in the larger cages which we recently learned to synthesize in high yields as opposed to the tradi-

tional [PhSiO1.5]8.
36,37 Thereafter, we present studies on F-/H2O2 promoted cleavage of [o-

BrPhSiO1.5]8, followed by initial cleavage studies on stilbenes produced via Heck cross coupling 

reactions with p-R-styrene where R = Me and CN per Figure 1. Similar studies are presented 

thereafter for para and meta derivatives of the PhSQs. 
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 9

 

Figure 1. 4,2’-R,OH-stilbene and 4,4’-R,OH-stilbene products using a [PhSiO1.5]10 Nano-

reactor. 

 

Synthesis studies. We recently determined that bromination of [PhSiO1.5]8,10,12 without cata-

lyst, at mild temperatures (30-60 °C, see experimental section) provides 60-85 % ortho selectivi-

ty following recrystallization depending on the cage size as summarized in Table 1.36 This selec-

tivity occurs despite the very bulky nature of the cage attached ortho to the bromination site and 

that these cages exhibit electron withdrawing behavior similar to -CF3, Table 2.57 

Table 1 compares selectivity for both o-bromination and p-iodination using F-/H2O2 cata-

lyzed generation of the corresponding phenols. Because we have previously reported the suc-

cessful functionalization of both types of halogenated cages using multiple catalytic cross cou-

pling reactions,34,35
 an obvious opportunity arose to produce the corresponding phenols. 

 

Table 1. Bromination of [PhSiO1.5]x (x = 8, 10 or 12) and F-/H2O2 Si-C cleavage† products. 
characterization 

SQ 
Max in 
MALDI 

Temp. 
° C 

Area %† 
Ortho 

†% 2-
bromophenol47 

[PhSiO1.5]8 BrPh8Si8O12 30-40 85 ≈ 90 
[PhSiO1.5]10 Br4Ph10Si10O15 30-40 78 75 
[PhSiO1.5]10 Br9Ph10Si10O15 30-40 75 75 
[PhSiO1.5]12 Br6Ph12Si12O18 40 60 60 
[PhSiO1.5]12 Br6Ph12Si12O18 40 60 60 
[PhSiO1.5]12 Br9Ph12Si12O18 50-55 62 60 

[Br2PhSiO1.5]8    90 % 2,5 dibromo 
phenol 

PhSiCl3 BrPhSiCl3  5††  

[IPhSiO1.5]8 

[IPhSiO1.5]10 
[IPhSiO1.5]12 

   90 % 
4-iodophenol 

†From GC analysis of F-/H2O2 cleavage of Phenyl Si-C bond.58 ††70 % meta, 25 % para.59 

 

The goal here has been to demonstrate the breadth of this type of hydroxylation rather than to 

undertake detailed efforts to optimize it. Again, as noted above, one molar equivalent of cage can  
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Table 2. Ipso 13C for [PhSiO1.5]8,10,12 and [BrPhSiO1.5]8,10,12 and selected model compounds. 
 

Cage Ipso carbon 
13C (ppm) 

Cage Ipso carbon 
13C (ppm) 

[PhSiO1.5]8 130.92 [BrPhSiO1.5]8 129.06 

[PhSiO1.5]10 130.55 [BrPhSiO1.5]10 129.01 

[PhSiO1.5]12 130.83 [BrPhSiO1.5]12 128.99 

NO2C6H5 148.30 o-BrNO2C6H4 152.80 

CF3C6H5 130.90 o-CF3BrC6H4 130.260 

PhSi(OEt)3 131.77 PhSiCl3 131.55 

[Ph2SiO]4 134.42   

 

produce 8-12 molar equivalents of phenolic products as suggested by Scheme 1 and Tables 3, 6 

and 7 below. This aspect suggests that these cages can be termed nanoreactors. This approach 

appears to offer access to phenolic derivatives not easily generated by any other means as noted 

in the literature.34,35,45-50 

Ortho-functionalized phenols 

The first step in these studies was to verify the Table 1 data in more detail. GC-MS analysis 

for F-/H2O2 cleavage of [BrPhSiO1.5]8 and selected cross–coupling products provides the data 

presented in Table 3. Three peaks are observed in the GC at retention times (R) = 4.3, 5.4, and 

7.1 min, see Table S1 also. The first peak is phenol arising from unsubstituted phenyls and ac-

counts for 30 % of the material in an un-recrystallized sample.  

The peaks at R = 5.4 and 7.1 min offer identical mass spectra per Figures S1 and S2. The MS 

library suggests that they are 3- and 4-bromophenols; however, the published crystal structure of 

a recrystallized sample shows the compound to be 85 % ortho substituted.36,37 This is in keeping 

with the Table 3 GC analyses, which shows one isomer (R = 5.4) integrates to ≈ 92 % of the total 

area. Having established the identity of the various isomers arising from F-/H2O2 cleavage of the 

starting brominated compounds, the next step was to demonstrate the potential of this approach 

to generate more sophisticated compounds.  

Our objective here was to use a set of well characterized compounds that also offered poten-

tial problems with respect to H2O2 oxidation. Thus, we previously reported the syntheses of mul-

tiple different stilbene derivatives from [o-BrPhSiO1.5]8 without making any attempt to produce 

phenol derivatives.43,44 In principle, stilbene derivatives may be more difficult to effect F-/H2O2 

cleavage than other compounds given the exposed double bond. To this end, we chose the rather 

innocuous p-methyl and p-cyano derivatives as initial test cases.   
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Table 3. GC of peroxide cleavage of o-functionalized SQs. 
Sample R time 

(min) 
Area 
% 

Formula MW m/e (Intensity %) Assigned Species Yield 
% 

[o-BrPhSiO1.5]8 4.3 
5.4 
7.1 

30 
53 
17 

C6H6O 
C6H5BrO 
C6H5BrO 

94 
173 
173 

94(100), 66(40), 40(15) 
173(65), 93(30), 65(100) 
173(80), 93(60), 65(100) 

Phenol 
Phenol, 2-bromo 
Phenol, 4-bromo 

 

[o-BrPhSiO1.5]8 

Recrystallized 

5.4 
7.1 

92 
8 

C6H5BrO 
C6H5BrO 

173 
173 

173(70), 93(30), 65(100) 
173(65), 93(60), 65(100) 

Phenol, 2-bromo 
Phenol, 4-bromo 

45±3 

[o-BrPhSiO1.5]10 5.4 
7.1 

73 
27 

C6H5BrO 
C6H5BrO 

173 
173 

173(90), 93(35), 65(100) 
173(75), 93(65), 65(100) 

Phenol, 2-bromo 
Phenol, 4-bromo 

 

[o-BrPhSiO1.5]12 5.4 
7.1 

62 
38 

C6H5BrO 
C6H5BrO 

173 
173 

173(85), 93(35), 65(100) 
173(80), 93(60), 65(100) 

Phenol, 2-bromo 
Phenol, 4-bromo 

 

[o-MeStyrPh 
SiO1.5]8 

10.8 
11.3 

72 
28 

C15H14O 
C15H14O 

210 
210 

210(100), 195(50), 
179(30), 210(85) 

4,2’- Me,OH-stilbene 
4,4’- Me,OH-stilbene 

47±2 

[o-CNStyrPh 
SiO1.5]7 [PhSiO1.5] 

4.2 
11.9 

34 
66 

C6H6O 
C15H11NO 

94 
221 

94(100), 66(55), 40(25) 
221(100) 

Phenol 
4,2’- CN,OH-stilbene 

36±3 

 

Mass spectral analysis for F-/H2O2 cleavage of [o-MeStyr7Ph8Si8O12]. The equivalent anal-

yses of the derivatives of the ortho brominated cages are as follows. The GC (from GC-MS data) 

of peroxide cleavage products of [o-MeStyr7Ph8Si8O12] also show two peaks (see Table 3) with 

R = 10.8 and 11.3 min. The peak at R = 10.8 can be identified from the MS library to be 4,2’-

Me,OH-stilbene whereas the peak at 11.3 min is 4,4’-Me,OH-stilbene.  

Figures S5 and S6 provide the mass spectral analyses associated with Table 3 data. The para-

derivative is roughly 30 % of the integrated area and the ortho derivative then is approximately 

70%. Unfortunately, the separation in the GC is not as clean as observed in Table S1 as might be 

expected for more polar compounds; consequently, these areas provide only a qualitative meas-

ure of the composition. The reader is reminded that these studies were not optimized. Further, 

note that the selectivities to hydroxylated species are > 65 % out of a 100 % conversion. These 

results would appear to be superior to the two examples noted above where selectivities were 

high but conversions quite low. 

 

Mass spectral analysis for F-/H2O2 cleavage of [o-cyanoStyr7Ph8Si8O12].  The analyses for 

this compound and the resulting peroxide cleaved products are as follow. Figure S7 shows the 

MALDI of as synthesized [o-cyanoStyr7Ph8Si8O12]. The [o-cyanoStyrPhSiO1.5]8 parent ion + Ag 

is m/z = 2158. 

The GC of the peroxide cleavage products shows three peaks at R = 4.2, 7.9 and 12 min. The 

peak at R = 4.2 is phenol from unsubstituted phenyl and R = 7.9 is ubiquitous in these studies 
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 12

and arises from butylated hydroxytoluene plasticizer extracted from the rubber septum used to 

seal the cleavage reaction vials. The remaining broad peak at R = 12 min is the target product, 

see Figure S8 and Table 3. The cleavage gave 66% pure 4,2’-CN,OH-stilbene, while the remain-

der is phenol from unfunctionalized phenyls.     

 

Table 4. F-/H2O2 Cleavage yields o-phenol compounds for minimum of 3 attempts.  

Type Name Starting 
cmpd 
mmol 

Product 
Name 

Product 
mmol 

Yield 
% 
 

Ortho [o-Br7Ph8Si8O12] 4.4 2-Bromophenol 

 

2.0 45±3 

[o-Mestyr7 Ph8Si8O12] 
[o-Br7Ph8Si8O12] 

3.8 4,2’-Me,OH-stilbene 

 

1.8 47±2 

[o-CyanoStyr7Ph8Si8O12] 

[o-Br7Ph8Si8O12] 

3.6 4,2’-CN,OH-stilbene 

 

1.3 36±3 

 

Para-functionalized phenols 

Mass spectral analysis for F-/H2O2 cleavage of [p-IPhSiO1.5]12. Using the cleavage conditions 

described in the experimental section, we assessed the various products via GC-MS, NMR, FT-

IR. Figure S9 shows the MALDI-ToF of the parent [p-IPhSiO1.5]12, the data are self-explanatory. 

It should be noted that [IPhSiO1.5]12 reflects an average of the number of iodinated species pre-

sent per molecule while MALDI-ToF spectra shows still other species. (e.g. I11Ph12Si12O18, 

I13Ph12Si12O18, etc). 

Likewise, the peroxide cleavage products for [p-IPhSiO1.5]8,10,12 are all essentially identical 

per Table 1. We present here data for the [PhSiO1.5]12 analog as this nanoreactor provides the 

most hydroxylated molecules per cage. We see two relevant peaks at R = 6.4 and 7.8 min with 

corresponding integration of 5 and 95 %, Table 5. The mass spectra for both peaks (Figures S10 

and S10) are identical and the automated search of the mass spec library identifies these products 

both as 3-iodophenol.  
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Table 5 summarizes the mass spec data for all compounds and provides an interpretation of 

the most intense ions. Introduction of standard 2, 3 and 4-iodophenol samples to the GC-MS 

shows that the peak at R = 6.4 min is 2-iodophenol and that at 7.8 is the 4-iodophenol as con-

firmed by 1H NMR of the isolated cleavage product, Figure S12, as compared with that of an 

authentic sample in Figure S13. Figure S14 shows the FTIR of the isolated sample and Figure 

S15 shows the FTIR of the authentic sample. 

Mass spectral analysis of p-methylstilbene from [p-MeStyrPhSiO1.5]12. As noted just above, 

the key to the utility of our suggested approach is not just to produce ortho and para substituted 

halogenated phenols but to generate more sophisticated derivatives as models of potential efforts 

to generate ortho and para phenols in discovery efforts. We recognize that some substituents 

may not survive peroxide cleavage but given that we have not attempted to optimize the process 

in any way, the results presented here offer reasonable hope for this new approach.  

In general, the yields of the phenolic derivatives: 4,4’-Me,OH-stilbene, 4,2’-Me,OH-stilbene, 

4,4’-CN,OH-stilbene and 4,2’-CN,OH-stilbene range from 50 % for the Me compounds to 35-40 

% for the CN compounds. This means that the unoptimized yields range from 3-6 molar equiva-

lents of phenol per cage. In principle, the p-cyano compounds are most likely to be susceptible to 

peroxide oxidation given that the electron withdrawing CN groups should aid oxidation of the 

stilbene on the cage or cleaved phenol product.   

The GC trace of peroxide cleaved [p-MeStyrPhSiO1.5]12 (Figures S16 and S17) shows three 

peaks with residence times recorded in Table 5. The peak at R = 7.9 min is the plasticizer noted 

above. The peak at R = 10.6 min was identified as the epoxidized 4,4’- Me,OH-stilbene. The 

peak at R = 11.2 min is 4,4’- Me,OH-stilbene per the mass spec results. As we point out above, 

one might expect the stilbene double bonds to undergo ready oxidation under the reaction condi-

tions. This likely account for the lower yields than found for the simple halogenated starting ma-

terials noted above. 

The determination of the R = 7.9 peak comes from the Figure S16 mass spectrum, which has 

a parent ion at m/z = 228, 18 mass units higher than that for the 4,4’- Me,OH-stilbene mass spec-

trum shown in Figure S17. We presume that this means the initially formed epoxide ring opens 

thus the added mass is for one water. This peak is just ≈ 1 % of the integrated area for the peaks 

shown. In contrast, the integration for the peak at R = 10.6 min is ≈ 96 % of the total area (see 

Table 5) and offers the mass spectral analysis seen in Table S1. 
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Based on our identification of the peroxide cleaved product of [IPhSiO1.5]12 as being the p-

iodophenol, the only product that should form from peroxide cleavage of [p-MeStyrPhSiO1.5]12 

would be 4,4’- Me,OH-stilbene. As can be seen, it is by far the major product. The ion intensities 

of the parent and major ion fragments are presented in Table 5. Note that Tables 3 and 5 represent 

efforts to demonstrate reproducibility in these studies rather than further optimization. 

Table 5. GC of peroxide cleavage of Para-functionalized SQs. 

 * epoxidized derivative of 4,4’- Me,OH-stilbene 
 

Note that the retention time for the ortho derivative is ≈ 0.4 min shorter than for the para-

phenol as might be anticipated given that the para derivative is likely more polar and therefore has  

a longer residence time in the GC. If we assume that the peroxide cleavage results for the for-

mation of o-bromophenol are more likely to be correct then we can suggest that the same ratio 

(1/99) of 4,2’-Me,OH-stilbene vs 4,4’-Me,OH-stilbene holds in the materials produced here. The 

mass spectral analyses shown in Figures S16 and S17 are summarized in Table 5. For 4,2’-

Me,OH-stilbene, the mass peak shows MW = 228 that is 18 units (H2O) more than usual 

MW(210) of 4,2’-Me,OH-stilbene that is due to epoxidation of the double bond followed by ring 

opening as noted above.  

In a separate study, we used nBu4NF to cleave the Si-C bonds in [p-Mestyr7Ph8Si8O12] with-

out peroxide to isolate p-methylstilbene. Two products are seen in the GC (Table S1) with inte-

gration ratios of 12:88 and residence times of 8.7 and 9.7 min, Table 5. The mass spec library 

Sample R time 
(min) 

Area 
% 

Formula MW m/e (Intensity%) Assigned species Yield
% 

[p-IPhSiO1.5]12 6.4 
7.8 

5 
95 

C6H5IO 
C6H5IO 

220 
220 

220(100), 93(40), 65(85) 
220(100), 93(75), 65(65) 

Phenol, 2-iodo- 
Phenol, 4-iodo-  

[p-IPhSiO1.5]12 6.2 
7.8 

2 
98 

C6H5IO 
C6H5IO 

220 
220 

220(100), 93(85), 65(35) 
220(100), 93(70), 65(65) 

Phenol, 2-iodo- 
Phenol, 4-iodo- 54±2 

[p-IPhSiO1.5]8 4.5 
6.4 
7.8 

5 
3 
92 

C6H6O 
C6H5IO 
C6H5IO 

94 
220 
220 

94(100), 66(35), 40(15) 
220(100), 93(30), 65(55) 
220(100), 93(65), 65(50) 

Phenol 
Phenol, 2-iodo- 
Phenol, 4-iodo- 

57±2 

[p-MeStyrPh 
SiO1.5]12 

10.6 
11.2 

2 
98 

C15H16O2
* 

C15H14O 
228 
210 

228(100), 178(90) 
210(100), 195(30),179(20) 

4,2’- Me,OH-stilbene 
4,4’- Me,OH-stilbene 44±3 

[p-MeStyrPh 
SiO1.5]8 
TBAF Cleavage 

8.7 
9.7 

12 
88 

C15H14 
C15H14 

194 
194 

194(85), 179(100), 115(30) 
194(100),179(100),115(25) 

α-methylstilbene 
α-methylstilbene  

[p-CNStyr 
PhSiO1.5]12 

12.5 100 C15H11NO 221 221(100) 4,4’- CN,OH-stilbene 
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identifies two types of methylstilbenes. We presume that one of these is from regio-selective 

insertion addition of the Ph-Pd to methylstyrene as expected and produces 88% 1-methyl-4-(2- 

phenylethenyl) while there is small amount (12%) of the 1,1-addition product as suggested in 

Figure 2. The mass spectra of both compounds are provided in Figures S18 and S19. 

a.          b   
Figure 2. Competitive Heck coupling for methylstilbene a. 1,1-phenyltolylethylene and b. 1-

methyl-4-(2-phenylethenyl). 

Mass spectral analysis for F-/H2O2 cleavage of [p-cyanoStyrPhSiO1.5]12 The GC of the perox-

ide cleavage products from [p-cyanoStyrPhSiO1.5]12 (Table S1) shows three peaks at R = 7.9, 

12.5 and 12.8 min. Table 5 records the integrations and assigned species for some of these peaks 

and records the mass spec. intensities for the principle ions observed. 

The R = 7.9 min peak is butylated hydroxytoluene. Both peaks at 12.5 and 12.8 min provide 

mass spectra (Figures S20 and S21) with similar fragmentation patterns that are not those of the 

suggested cinnaminonitrile derivative of Figure S22. The width of the peak centered near 12.5 

min suggests that the cyano compound is highly polar and moves very poorly in the GC in ac-

cord with the difference between the ortho and para phenols made from the methylstilbene com-

pounds. Again the residence times of the “ortho” and “para” derivatives as well as the peak 

shapes support the concept that two different compounds have been made wherein the phenolic 

group positions differ as anticipated from the peroxide cleavage of the starting halogenated phe-

nyl cages. The GCs of ortho and para phenol derivatives of cyanostilbene shows that the R-time 

of the ortho derivative is ≈ 12 min versus para, which is ≈ 12.5 min.  

Again, as noted above, the F-/H2O2 cleavage yields for generation of o-bromophenol and p- 

iodophenol are typically 55-85 % which equates with 4-5 and 6-7 molar equivalents per mole of 

cage starting material. The F-/H2O2 cleavage for 4,2’-Me,OH-stilbene and 4,4’-Me,OH-stilbene 

averages about 50 % which equates to 4 and 6 molar equivalents per mole of cage starting mate-

rial. In contrast the more easily oxidized 4,2’-CN,OH-stilbene and 4,4’-CN,OH-stilbene F-/H2O2 
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cleavage product yields average 40 % which equates with 3 and 5 molar equivalents of phenol 

per cage (Table 6). 

Table 6. F-/H2O2 Cleavage yields p-phenol compounds for minimum of 3 attempts.  

Type Name Starting 
cmpd 
mmol 

Product 
Name 

Product 
mmol 

% 
Yield 

Para [p-I7Ph8Si8O12] 7.3 4-Iodophenol 

 

4.2 57±2 

[p-I12PhSiO1.5]12 3.9 4-Iodophenol 

 

2.1 54±2 

[p-Mestyr12Ph12Si12O18] 
[p-I12Ph12Si12O18] 

3.8 4,4’-Me,OH-stilbene 

 

1.8 44±3 

[p-Cyanostyr7Ph8Si8O12] 
[p-I7Ph8Si8O12] 

3.6 4,4’-CN,OH-stilbene 

 

1.5 39±3 

 

Meta-functionalized phenols 

As noted above, our objective here is to demonstrate that SQs can act as nanoreactors to pro-

duce ortho, para and meta phenol derivatives in acceptable to high yields. Thus, we also synthe-

sized three different meta derivatives and characterized them especially with respect to their per-

oxide cleavage products, anticipating high yields of pure meta functionalized phenols.  

Mass spectral analysis for F-/H2O2 cleavage of [m-AcetylPhSiO1.5]8 Thus, we were able to 

synthesize [m-AcetylPhSiO1.5]8 by Friedel-Crafts acylation of octaphenylsilsesquioxane 

[PhSiO1.5]8 with CH3COCl (Figure 3). This reaction has the highest yields in these series of 

compounds, and shows just one main GC peak at R = 8.3 min due to 3-hydroxyacetophenone 

(Table 7). The sample is pure, fully converted and shows no traces of ortho, para or diacetylated 

species. 1H-NMR integration of the acetyl methyl protons using the optimized formylation reac-

tion conditions, has been reported previously, giving a high meta/para ratio of > 99:1.61 

Mass spectral analysis for F-/H2O2 cleavage of [m-NitroPhSiO1.5]8 Analysis of peroxide 

cleavage of [m-NitroPhSiO1.5]8, (Figure 4) shows three peaks at R = 6.5 and 8.7 min with ratios 
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of 18, 72  due to para and meta phenols with ratios of para/meta = 25/75. There is a trace at R = 

9 min  (10%) of dinitro phenol (see Table 7). 

Table 7. GC of peroxide cleavage of Meta-functionalized SQs. 
Sample R time 

min 
Area 

% 
MW m/e (Intensity %) Assigned species Yield % 

[m-AcetylPhSiO1.5]8 8.3 100 136 136(65),121(100),93(65),65(45) 3-Hydroxy 
Acetophenone 76±2 

[m-NitroPhSiO1.5]8 6.5 18 139 139(100),109(45),81(55),65(80) Phenol, 2-Nitro 

54±3 8.7 72 139 139(100), 93(20), 65(80) Phenol, 3-Nitro 

9 10 184 182(10), 165(75), 89(100), 63(80) Phenol, DiNitro 
[m-(4-toluene-
sulfonyl) PhSiO1.5]8 

4.8 7 94 94(100), 66(35), 40(15) Phenol 
65±2 12.8 93 248 248(100),139(100),91(60),65(75) 3-Hydroxy-1-(toluene-

4-sulfonyl)benzene 

 

Figure 3. m-Hydroxyacetophenone: product of [m-AcetylPhSiO1.5]10 Nano-reactor. 

 

  
 

Figure 4. m-NitroPhenol: product of [m-NitroPhSiO1.5]10 Nano-reactor. 
 

Mass spectral analysis for F-/H2O2 cleavage of [m-(4-toluenesulfonyl)PhSiO1.5]8. The [m-

diphenylsulfonylSiO1.5]8 (ODPSS) was synthesized and characterized previously via one-step 

Friedel–Crafts reaction in high yield (Figure 5).41 Using the same procedure, octadiphenylsulf-

onylsilsesquioxane (ODPSS) was produced and the peroxide cleaved product 3-hydroxy-1-

(toluene-4-sulfonyl)-benzene characterized via GC-Mass (Table 7 and Figures S27-S29). A peak 

in the GC is seen at an R time = 12.6 min and is due to 3-hydroxy-1-(toluene-4-sulfonyl)-
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benzene. This is the only sulfonylation product seen, and the substitution is exclusively meta 

(Table 7). The overall yield of the cleavage is 65% and is 93% pure meta (Table 8).  

 Figure 5. m-Hydroxy-1-(toluene-4-sulfonyl)-benzene: product of [m-diphenylsulfonylSiO1.5]10. 

 

Table 8. F-/H2O2 Cleavage yields m-phenol compounds for minimum of 3 attempts.  

Type Name Starting 

cmpd 

mmol 

Product 

Name 

Product 

mmol 

% 

Yield 

Meta [m-NitroPhSiO1.5]8 3.9 3-NitroPhenol 

 

2.1 54±3 

[m-AcetylPhSiO1.5]8 3.8 3-Hydroxyacetophenone 

 

2.9 76±2 

[m-(4-toluenesulfonyl) 
PhSiO1.5]8 

7.4 3-Hydroxy-1-(toluene-4-
sulfonyl)-benzene 

 

4.8 65±2 

 

Conclusions 

The phenyl silsesquioxane cage compounds [PhSiO1.5]8,10,12 are unique molecules that exhibit 

very unusual patterns of electrophilic substitution. Although the SiO1.5 unit exhibits electron 

withdrawing properties equivalent to CF3, the halogenation reactions of these cages provide high 

ortho selectivity during bromination with Br2 and in contrast high para selectivity for iodination 

with ICl. Only in Friedel Crafts acylation and sulfonation with AlCl3 as the catalyst do they ex-

hibit the expected high meta selectivity. Furthermore, F-/H2O2 can be used to cleave the phenyl-

cage Si-C bonds to generate an OH on the ipso carbon. This represents a rare opportunity to gen-
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erate aromatic molecules hydroxylated at either the ortho and para positions from functionalized 

[RPhSiO1.5]8,10,12 generated from [XPhSiO1.5]8,10,12 where X = o-Br or p-I.  

We further briefly explored the potential utility of the F-/H2O2 promoted hydroxylation for 

[RPhSiO1.5]8,10,12 generated from [XPhSiO1.5]8,10,12 where X = o-Br or p-I. These efforts focused 

on using RPh = p-methyl or p-cyanostilbene bound to the silica cage at the 4’ or 2’ positions. 

Each cage offers the potential to generate 8, 10 or 12 of the same product molecule hence the 

appellation “nanoreactor.” 

In these first unoptimized efforts, we were able to synthesize: (1) 4,2’-Me,OH-stilbene and 

4,4’-Me,OH-stilbene and (2) 4,2’-CN,OH-stilbene and 4,4’-CN,OH-stilbene (3) 3-nitrophenol, 

3-hydroxy-1-(toluene-4-sulfonyl)-benzene and 3-hydroxyacetophenone in modest to high yields 

(36-76%). The cyano derivatives, with the highest propensity for oxidation gave the lowest 

yields. We believe these initial results were sufficiently successful to warrant further efforts to 

optimize this approach. For example, one might consider running the F-/H2O2 promoted hydrox-

ylation using phase transfer catalysis or reducing the reaction temperatures or changing the reac-

tion solvent, or pH. Thus, our work provides potential entrée to a wide variety of complementary 

hydroxylated aromatics as potential starting points for drug discovery efforts. 
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