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Synthesis of phenol derivatives from cyclopentenones with arynes as 
key intermediates 
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A B S T R A C T   

Phenols are frequent motifs in drug discovery and material sciences, thus their synthesis continue to attract 
attention. Herein we present a five-step cascade reaction for the synthesis of phenol derivatives from their 
corresponding 2-trimethylsilylcyclopentenone and arynophile precursors, and iodoform. The methodology builds 
on previously reported anion-accelerated electrocyclic ring-opening which provides the corresponding 3-iodo-2- 
trimethylsilylphenoxy anion. A Brook-like rearrangement provides the key benzyne intermediate, which reacts in 
situ with the arynophile. The reactivity of different classes of arynophiles were investigated, and it was shown 
that under the optimized conditions [4 + 2] and [2 + 2] cycloadditions as well as nucleophilic addition were 
productive, while [3 + 2] was not. Isolated yields were up to 40%.   

Introduction 

Phenols are ubiquitous building blocks in medicinal chemistry and 
found in many marketed drugs in their free form or incorporated as their 
corresponding ether. A large number of substituted phenols are 
commercially available and many more readily synthesized by 
employing well-established methodologies such electrophilic aromatic 
substitution reactions, functional group transformations or transition 
metal catalysis. As an alternative strategy, late-stage aromatization by 
electrocyclic ring-opening [1–4], may allow for access to phenols with 
multiple substituents in a regioselective manner, which are otherwise 
difficult to access. In this regard, we have recently disclosed the one-step 
synthesis of meta-bromophenols 1 from cyclopentenones 2 by a base- 
promoted 2π-electrocyclic ring-opening of key intermediate 6,6-dihalo-
bicyclo[3.1.0]hexan-2-ones 3 (Fig. 2A) [2]. The methodology gives ac-
cess to multi-functionalized phenols, which are otherwise difficult to 
synthesize, including fused bicyclic heterocyclic systems exemplified by 
the synthesis of the lactam derivative of the natural product caramboxin 
(Fig. 1) [2]. 

From here, we expanded the methodology and recently reported the 
synthesis of meta-bromoanilines 5 (Fig. 2B) and meta-tri-
fluoromethylanilines 7 (Fig. 2C), from their corresponding cyclo-
pentanones 4 and 6, respectively [1]. 

We saw an interesting opportunity in combining the work of Kim 
et al. with our recently reported base-mediated one-step synthesis of 

phenols from cyclopentenones [2]. Recently, Kim and co-workers re-
ported the in situ formation of benzyne from a Brook [5,6]-like rear-
rangement of 2-trimethylsilyl-3-triflate-phenol with base (Fig. 3A) [7]. 
The highly reactive aryne was captured with a range of different ary-
nophiles to give the correspondingly substituted phenols [7]. The same 
transformation has also been reported for arylalkoxides [8]. 

We also took notice of the recent report on the synthesis of 
substituted 2-trimethylsilylcyclopentenones by Morandi and coworkers 
[9], and notably the analog 2-trimethylsilyl-3-methyl-5-phenyl-cyclo-
pentenone 8 (Scheme 1), seemed attractive as a starting material for 
this study due to its physicochemical (non-volatile) and spectroscopic 
(easily identified by 1H NMR) properties. We envisaged the putative 
cascade reaction (Scheme 1) to commence with base-mediated conju-
gate addition of a haloform to cyclopentenone 8, to give enolate 9, 
which upon cyclization gives dihalocyclopropane analog 10. Subse-
quent base induced 2π-electrocyclic ring-opening of 10 at low temper-
ature provides phenoxide 11, which undergoes Brook-like 
rearrangement followed by elimination to reactive aryne 12. Upon the 
reaction of 12 – in situ -with a suitable arynophile, desired product 13 is 
obtained. 

We first turned to investigate the nature of the halide leaving group 
for this putative cascade reaction. As the standard arynophile for our 
study, we chose furan. Upon addition of one equivalent of bromoform 
and base at − 78 ◦C in THF and allowing the reaction mixture to warm to 
room temperature over one hour, we did not observe the desired furan 
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adduct 15a (Table 1, entry 1). On the other hand, when adding one 
equivalent of iodoform, and retaining the general reaction conditions, 
we were able to isolate the furan adduct 15a in 20% yield (Table 1, entry 
2). The fact that product is only obtained with iodide as the leaving 
group, is in line with general observations that iodine is a better leaving 

group than bromine in aryne forming reactions.7 Deprotection of the 
TMS ether took place during work-up to give phenol 15a, exclusively. 
Extending the reaction time by slowly warming the reaction mixture to 
room temperature over night (Table 1, entry 3) led to reduced yield of 
15a (8%). As an alternative we decided to increase the equivalents of 
arynophile to 10, and under these conditions, we were able to isolate 
furan adduct 15a in 40% yield. 

Next, solvent effects were investigated (Table 2) with the optimized 
reaction conditions (Table 1, entry 3). When the reaction was carried out 
in the slightly less polar solvent Me-THF, adduct 15a was isolated in 
significantly lower yield (22%) (Table 2, entry 2). Also, the less Lewis 
basic etherous solvent cyclopentylmethylether (CPME) led to no for-
mation of the desired product (Table 2, entry 3). The use of dimethy-
lether (DME) necessitated us to initiate the reaction at − 40 ◦C, due to the 
melting point of DME being − 58 ◦C. However, the reaction furnished 
15a in only 15% yield (Table 2, entry 4) suggesting that not only the 
solvent polarity negatively influences the reaction outcome, but perhaps 
also the initiation temperature. 

We now turned to investigate the scope of this cascade trans-
formation on a variety of arynophiles representing [4 + 2], [3 + 2], and 
[2 + 2] cycloaddition reactions as well as nucleophilic addition re-
actions (Table 3). For the [4 + 2] cycloaddition reactions, we were 
surprised to learn that 2,5-dimethylfuran 14b did not lead to formation 
of the desired product (Table 3, entry 2) despite its electron-rich nature, 
presumably because of steric hindrance of two methyl group towards of 
aryne. The same was found for N-methyl pyrrole 14c, cyclohexadiene 
14d, Danishefsky’s diene 14e,8 and anthracene 14f (Table 3, entries 
3–6). In fact, a side product was isolated in various yields and its 
structure identified by 1H- and 13C NMR to be 3-iodo-5-phenylphenol 
16. We propose that the formation of 16 originates from competition 
reaction between the arynophile and the iodide anion, at the in-situ 
generated benzyne 12, or as a result of in-situ protonation of the arylic 
anion obtained just after the Brook-like rearrangement. 

For the class of intermolecular [3 + 2] cycloaddition reactions, the 
desired product was not detected when azides 14 g and 14 h were 
employed (Table 3, entry 7–8). However, the [2 + 2] cycloaddition re-
action with 2-methoxypropene 14i did proceed to give 15i in 4% 
together with iodophenol 16 in 8% yield (Table 3, entry 9). 

Finally, the electrophilic nature of benzyne 12 was probed by 
applying morpholine 14j as a nucleophile. For this class, the expected 
phenol derivative 15j was isolated in 18% yield after warming the re-
action at room temperature over 3 h, and using only 3 equivalents of 14j 
(Table 3, entry 10). Interestingly, phenol 16 was not obtained in this 
reaction. 

Conclusion 

In conclusion we have demonstrated the principles for a cascade 
reaction for the direct conversion of a 2-trimethylsilylcyclopentenone 8, 
into its corresponding substituted phenol 13. The reactions builds on 
base catalyzed electrocyclic ring-opening with iodoform, followed by a 
Brook-like rearrangement to give the corresponding benzyne, which 
reacts in situ with the appropriate arynophile. The influence of tem-
perature, time and solvent effects were addressed and it was shown that 
increasing the equivalents of the arynophile used, led to higher yields. 
For the arynophiles governing a [4 + 2] pericyclic reaction, furan was 
superior to 2,5-dimethylfuran, and gave the desired phenol 15a in 40% 

Fig. 1. Chemical structure of caramboxin.  

Fig. 2. A) Reported one-step synthesis of meta-bromo-phenols 1 from cyclo-
pentenones 2 via a base-promoted 2π-electrocyclic ring-opening of the key in-
termediates 6,6-dihalobicyclo[3.1.0]hexan-2-ones (3)[2]. B) Synthesis of meta- 
bromoanilines 5 from bench-stable 3-substituted cyclopentanones 4. C) Syn-
thesis of meta-trifluoromethyl-anilines 7 from bench-stable 3-substituted 
cyclopentanones 6. 

Fig. 3. A) Treatment of 2-trimethylsilyl-3-triflate-phenol with base leads to in situ formation of the corresponding benzyne by a Brook-like rearrangement.[7].  
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isolated yield, while others were non-productive. Application of ary-
nophiles 14 g and 14 h which call on a [3 + 2] sigmatropic reaction, 
were regrettably all non-productive. A [2 + 2] adduct 15i was observed 
when applying arynophile 14i, but in very low yield (2%). On the re-
action with only three equivalents of the amine nucleophile morpholine 
14j, the corresponding phenol 15j was obtained in 18%. Although the 
yield may seem only moderate, when taken into consideration that this 
cascade reaction comprise five individual synthetic steps, the average 
conversion for each step is an impressive 83%. 

Experimental section 

All reactions requiring inert conditions were performed under argon 
atmosphere in flame dried glassware. Commercially available chemicals 
were used without further purification⋅THF was dried using a SG 
WATER solvent purification system from Pure Process Technology. 
Remaining anhydrous solvents were prepared by storing them over 
molecular sieve for at least 48 h. Rf values and reaction controls were 
performed on F254 silica gel 60 thin-layer chromatography alumina 
sheets from Merck. Chromatographic purification was performed using 
either flash chromatography on silica gel 60A (40–63 µm), dry column 
vacuum chromatography (DCVC) using silica gel 660 (15–40 µm) or 
preparative thin-layer chromatography on F254 silica gel 60 alumina 

sheets from Merck. 
NMR-spectra were acquired using a 400 MHz Bruker Avance II 

equipped with a 5 mm broad band probe. Samples were dissolved in 
deuterated solvent and analysed at 300 K. Proton spectra, at 400.09 
MHz, were acquired using 30◦-pulses, a spectral width of 8 kHz, col-
lecting 16 scans with a length of 65,536 data points with a relaxation 
delay of 1.0 sec. FID’s were zero-filled to twice the size and exponen-
tially multiplied with a line broadening factor of 0.3 Hz before Fourier 
transform. Carbon spectra were acquired at 100.60 MHz with 30◦-pul-
ses, a spectral width of 24 kHz, collecting 256 scans with a length of 
65,536 data points and with a relaxation delay of 2.0 sec. The 13C nuclei 
were 1H-decoupled using the Waltz-16 composite pulse decoupling 
scheme. FID’s were exponentially multiplied with a line broadening 
factor of 1.0 Hz before Fourier transform. 

LCMS mass spectra were obtained with an Agilent 6130 Mass Spec-
trometer instrument using electron spray ionization (ESI) coupled to an 
Agilent 1200 HPLC system with a C18 reverse phase column (Zorbax 
Eclipse XBD-C18, 4.6 mm × 50 mm), autosampler and diode array de-
tector, using a linear gradient of the binary solvent system of buffer A 
(milliQ H2O:MeCN:formic acid, 95:5:0.1 v/v%) to buffer B (MeCN:for-
mic acid, 100:0.1 v/v %) with a flow rate of 1 mL⁄min. 

Synthesis of 3-methyl-5-phenyl-2-(trimethylsilyl)cyclopent-2- 
en-1-one (8). In a flame-dried vessel for MW experiments equipped with 

Scheme 1. One-pot synthesis of substituted phenols. i) 1,4-Addition reaction; ii) cyclopropane formation; iii) Anion-accelerated 2π-disrotatory electrocyclic ring- 
opening reaction; iv) Brook-like rearrangement, aryne formation; v) in situ cycloaddition or nucleophilic addition reaction. 

Table 1 
Optimization of [4 + 2] cycloaddition reaction with furan.

Entry CHX3 Furan Equiv. (14a) Time [h] Yielda [%] 

1 CHBr3 2 1 0 
2 CHI3 2 1 20 
3 CHI3 2 18 8 
4 CHI3 10 2 40  

a Isolated yields. 
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a magnetic stirrer, phosphine 8d (36 mg, 78 µmol, 1 mol%) and Pd 
[(allyl)Cl]2 (14 mg, 39 µmol, 0.5 mol%) are dissolved in anhydrous 
toluene (15 mL) and stirred at r.t. for 15 min. Then, acyl chloride 8a 
(1.950 g, 11.8 mmol), 8b (1.15 mL, 7.8 mmol), 8c (2.4 mL, 11.8 mmol) 
were added in sequence and the resulting orange solution was heated 
under MW irradiation at 130 ◦C for 1 h. After cooling, the green solution 
was filtered over celite and washed with DCM (3 × 10 mL). After 
removal of the solvent on rotovap, the crude product was purified by 
flash chromatography (heptane:DCM:Et2O 8:1:1) to give compound 8 
(520 mg, 2.13 mmol, 27% yield) as an yellow oil. Rf = 0.38 (heptane/ 
DCM/Et2O 8:1:1); 1H NMR (400 MHz, CDCl3, 25 ◦C): δ = 0.25 (s, 9H; Si 
(CH3)3), 2.25 (s, 3H; CH3), 2.71 (m, 1H), 3.11 (dd, J1 = 18.8 Hz, J2 = 0.6 
Hz, 1H), 3.54 (dd, J1 = 7.6 Hz, J2 = 3.2 Hz, 1H), 7.09–7.14 (m, 2H; Ar- 
H), 7.19–7.24 (m, 1H; Ar-H), 7.27–7.33 (m, 2H; Ar-H); 13C NMR (150 
MHz, CDCl3, 25 ◦C): δ = -0.58, 17.7, 20.2, 45.1, 52.8, 126.6, 127.5, 
128.63, 128.64, 138.7, 140.3, 184.2, 212.15; IR: v = 3710, 2982, 2904, 
2365, 2352, 2348, 1614, 1405, 1229, 1073, 1065, 1057 cm− 1. 

General procedure for synthesis of substituted phenols (13). In a 
flame-dried round-bottom flask, equipped with a magnetic stirrer and 
under argon atmosphere, cyclopentenone 8 (1 equiv.) and CHI3 (1 
equiv.) were dissolved in THF (0.1 M) at room temperature. After 
cooling to − 78 ◦C in an acetone dry ice bath for 10 min, arynophile (3 or 
10 equiv.) and LiHMDS (1 M in THF, 3.1 equiv.) were added dropwise. 
After removal of the cooling bath, the reaction mixture was allowed to 
warm to r.t. After 2 h or 3 h, the reaction was quenched with saturated 
aqueous NH4Cl (8 mL), extracted with DCM (120 mL/mmol) and the 
combined organic layers were dried over MgSO4. After removal of the 
solvent under reduced pressure, the crude product was purified by flash 
column chromatography. 

8-Methyl-6-phenyl-1,4-dihydro-1,4-epoxynaphthalen-5-ol 
(15a). General procedure was used employing cyclopentenone 8 (50 mg, 
0.20 mmol), furan 14a (145 µL, 2 mmol), CHI3 (80 mg, 0.20 mmol) and 
LiHMDS (1 M in THF, 0.63 mL, 0.63 mmol). The reaction time was 2 h. 
Flash column chromatography on silica gel using heptane:EtOAc (8:2) 
provided compound 15a (20 mg, 0.08 mmol, 40% yield) as an colorless 
oil. Rf = 0.20 (heptane/EtOAc 8:2); 1H NMR (400 MHz, CDCl3, 25 ◦C): δ 

= 2.28 (s, 3H), 5.05 (bs, 1H), 5.80 (s, 1H), 5.98 (s, 1H), 6.68 (s, 1H), 7.07 
(dd, J1 = 1.82 Hz, J2 = 5.52 Hz, 1H), 7.12 (dd, J1 = 1.82 Hz, J2 = 5.57 
Hz, 1H), 7.35–7.42 (m, 3H), 7.43–7.50 (m, 2H). 13C NMR (100 MHz, 
CDCl3, 25 ◦C): δ = 17.6, 80.2, 81.2, 122.8, 127.5, 127.8, 128.9, 129.1, 
129.3, 133.1, 136.8, 142.3, 143.0, 144.1, 149.2. IR: v = 2982, 2904, 
2361, 2345, 1407, 1393, 1379, 1247, 1229, 1077, 1065, 1055 cm− 1. 

8-Methoxy-5,8-dimethyl-3-phenylbicyclo[4.2.0]octa-1,3,5- 
trien-2-ol (15i). General procedure was used employing the cyclo-
pentenone 8 (50 mg, 0.20 mmol), 2-methoxypropene 14i (191 µL, 2 
mmol), CHI3 (80 mg, 0.20 mmol) and LiHMDS (1 M in THF, 0.63 mL, 
0.63 mmol). The reaction time was 2 h. Flash column chromatography 
on silica gel using heptane:EtOAc (8:2) provided compound 15i (2 mg, 
0.008 mmol, 4% yield) as an yellow oil. Rf = 0.16 (heptane/EtOAc 8:2); 
1H NMR (400 MHz, CDCl3, 25 ◦C): δ = 1.72 (s, 3H), 2.17 (s, 3H), 2.99 (d, 
J = 2.8 Hz, 1H), 3.29 (d, J = 3.1 Hz, 1H), 3.43 (s, 3H), 5.20 (bs, 1H), 6.98 
(s, 1H), 7.34–7.39 (m, 1H), 7.40–7.50 (m, 4H). 

5-Methyl-4-morpholino-[1,1′-biphenyl]-2-ol (15i). General pro-
cedure was used employing the cyclopentenone 8 (50 mg, 0.20 mmol), 
morpholine 14j (54 µL, 0.60 mmol), CHI3 (80 mg, 0.20 mmol) and 
LiHMDS (1 M in THF, 0.63 mL, 0.63 mmol). The reaction time was 3 h. 
Flash column chromatography on silica gel using heptane:EtOAc (8:2) 
provided compound 15j (10 mg, 0.037 mmol, 18% yield) as an yellow 
oil. Rf = 0.28 (heptane/EtOAc 8:2); 1H NMR (400 MHz, CDCl3, 25 ◦C): δ 
= 2.28 (s, 3H), 2.96 (t, J = 4.4 Hz, 4H), 3.87 (t, J = 4.4 Hz, 4H), 5.14 (s, 
1H), 6.69 (s, 1H), 7.07 (s, 1H), 7.33–7.40 (m, 1H), 7.42–7.51 (m, 4H); 
13C NMR (150 MHz, CDCl3, 25 ◦C): δ = 17.2, 52.2, 67.1, 106.8, 123.2 

Table 2 
Investigation of effect of solvent on reaction outcome.

Entry Solvent Temperature Yielda [%] 

1 THF − 78 ◦C to rt 40 
2 Me-THF − 78 ◦C to rt 22 
3 CPME − 78 ◦C to rt n.d.b 

4 DME − 40 ◦C to rt 15  

a Isolated yields. b n.d. = not detected. 
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Table 3 
Investigation of different arynophiles towards reactivity of benzyne precursor 8.

Entry Arynophile Arynophile 
[equiv.] 

Time 
reaction 
[h] 

Product 15a-j 
Yield 
[%]a 

16 
Yield 
[%] a 

1 10 2 40 8 

2 10 2 n.d.b 16 

3 10 2 n.d.b 8 

4 10 2 n.d.b 13 

5 10 2 n.d.b 10 

(continued on next page) 
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Table 3 (continued ) 

Entry Arynophile Arynophile 
[equiv.] 

Time 
reaction 
[h] 

Product 15a-j 
Yield 
[%]a 

16 
Yield 
[%] a 

6 10 18 n.d.b 5 

7 10 18 n.d.b /c 

8 10 2 n.d.b /c 

9 10 2 4 8 

10 3 3 18 n.d.b 

aIsolated yields of expected product based on charge-, aryne distortion- and steric model9 and following confirmed by NMR spectroscopy on positive reaction outcome. b n.d. = not detected. c Crude product not purified. d. 
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(bs), 124.3, 127.5, 128.9, 129.2, 132.6, 137.0, 151.1, 151.5 (bs); IR: v =
3237, 2961, 2850, 2161, 1730, 1612, 1487, 1449, 1400, 1298, 1262, 
1194, 1143, 1110, 1025, 1106, 910, 889, 768 cm− 1. 

4-Iodo-5-methyl-[1,1′-biphenyl]-2-ol (16). Yellow oil; Rf = 0.28 
(heptane/EtOAc 8:2); 1H NMR (400 MHz, CDCl3, 25 ◦C): δ = 2.39 (s, 
3H), 5.06 (bs, 1H), 7.09 (s, 1H), 7.46–7.52 (m, 3H), 7.38–7.45 (m, 3H); 
13C NMR (150 MHz, CDCl3, 25 ◦C): δ = 26.8, 99.8, 125.9, 128.1, 128.2, 
128.8, 129.3, 130.4, 133.5, 136.3, 150.6. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 

org/10.1016/j.rechem.2022.100412. 

References 

[1] M. Staudt, A. Cétin, L. Bunch, Transition Metal-Free Synthesis of meta-Bromo- and 
meta-Trifluoromethylanilines from Cyclopentanones by a Cascade Reaction, Chem. 
Eur. J. in press (2022). 

[2] M. Staudt, T. Sølling, L. Bunch, Synthesis of Polysubstituted Meta-Halophenols by 
Anion-Accelerated 2π-Electrocyclic Ring Opening, Chem. Eur. J. 27 (42) (2021) 
10941–10947. 

[3] J. Feierfeil, A. Grossmann, T. Magauer, Ring Opening of Bicyclo[3.1.0]hexan-2- 
ones: A Versatile Synthetic Platform for the Construction of Substituted Benzoates, 
Angewandte Chemie – Int. Edition. 54 (2015) 11835–11838, https://doi.org/ 
10.1002/anie.201506232. 
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