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Additional Experimental Details 

All purchased chemicals were used without further purification unless otherwise noted. The 

following reagents were acquired from commercial sources: cis-pinonic acid (Sigma Aldrich, 

98%), sulfuric acid (Fisher, 96%), (–)-α-pinene (Sigma Aldrich), and dimethylsulfide (DMS) 

(Sigma Aldrich). CDCl3 was purchased from Cambridge Isotope Laboratories. Chemical shifts (δ) 

were referenced to the residual solvent peak. The 1H NMR spectra were recorded at 600 MHz 

using a Bruker AVANCE600 (cryoprobe) NMR. The 13C NMR spectra were recorded at 151 MHz 

on the Bruker AVANCE600 NMR. All NMR spectra were taken at 25 °C. Chemical shifts (δ) are 

reported in parts per million (ppm) and referenced to residual solvent peak at 7.26 ppm (1H) or 

77.16 ppm (13C) for deuterated chloroform (CDCl3). The 1H NMR spectral data are presented as 

follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, 

dd = doublet of doublets, ddd = doublet of doublet of doublets, dddd = doublet of doublet of 

doublet of doublets, coupling constant(s) in hertz (Hz), and integration.  

Unless otherwise stated, synthetic reactions were carried out under an atmosphere of argon. 

All commercially available reagents were used as received unless stated otherwise. Solvents were 

purchased as ACS grade or better and as HPLC-grade and passed through a solvent purification 

system equipped with activated alumina columns prior to use. Thin layer chromatography (TLC) 

was carried out using glass plates coated with a 250 μm layer of 60 Å silica gel. TLC plates were 

visualized with a UV lamp at 254 nm, or by staining with KMnO4 stain. Liquid chromatography 

was performed using forced flow (flash chromatography) with an automated purification system 

on prepacked silica gel (SiO2) columns unless otherwise stated.  

 



 

Synthesis of Cis-Pinonaldehyde (3): 

Cis-pinonaldehyde was synthesized based on the following published procedures.1,2   

 

A round bottom flask containing a stirred solution of (–)-α-pinene (1) (0.5 mL, 3.16 mmol, 1 

equiv) dissolved in a solution of MeOH (28 mL) and CH2Cl2 (3.5 mL) was cooled to –78 °C. 

Ozone (O3) was bubbled through the solution via a commercial ozone generator until a blue color 

persisted. The ozone generator was turned off and O2 bubbled through the solution until the blue 

color faded. While stirring at –78 °C, DMS (4.2 mL, 56.9 mmol, 18 equiv) was added dropwise. 

The solution was stirred for 16 h while gradually warming to rt as the dry ice/acetone bath 

evaporated. The reaction mixture was diluted with water, extracted with CH2Cl2 (4 x 30 mL), 

washed with brine (1 x 60 mL), dried over Na2SO4, filtered, and concentrated under reduced 

pressure to afford crude pinonaldehyde as a clear, colorless oil. The mixture was purified via flash 

chromatography (15% EtOAc/Hex isocratic) to afford 3 as a clear, colorless oil (417 mg, 97%) 

containing trace amounts of EtOAc. Product was too volatile to be dried under high vacuum.  

1H NMR (500 MHz, CDCl3): δ 9.63 (s, 1H), 2.83 (dd, J = 10.0, 7.8 Hz, 1H), 2.57 – 2.20 (m, 

3H), 1.94 (s, 3H), 1.85 (ddd, J = 19.1, 9.2, 2.5 Hz, 2H), 1.24 (s, 3H), 0.74 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3): δ 207.3, 201.3, 54.2, 45.0, 43.2, 35.7, 30.2, 30.1, 22.7, 

17.5. 



HRMS (Orbitrap, m/Δm = 1.4 × 105) m/z: Calcd for C10H17O2
+ [M+H]+ 169.1223; Found 

169.1223



Acid aging experimental conditions 

Table S1. Solution Acidity in Aging Experiments 

 

* The extended aerosol inorganic model I (E-AIM) was utilized to estimate the molalities and activities of ions present in the sulfuric acid solutions.3–5 For 

consistency, we will use the effective pH in the last column to refer to experimental conditions used in this work 

** All solutions used in this work used deionized water as solvent. 

 E-AIM Output* 

Estimated 

Concentration** 

of H2SO4 

pH 

Meter 

Reading 

[HSO4
-] 

(mol/kg) 

[SO4
-] 

(mol/kg) 

[H+] 

(mol/kg) 

Activity 

Coefficient of H+ 

Effective pH = -

log[H+] 

0 M (Control) 4.3 - - - - - 

0.52 mM 2.7 0.0000386 0.000481 0.00100 0.96 3.00 

90 mM 1.1 0.0654 0.0249 0.115 0.76 0.94 

1.0 M - 0.754 0.249 1.25 0.78 -0.01 

1.8 M - 1.26 0.508 2.28 0.92 -0.36 

3.2 M - 2.15 1.01 4.17 1.4 -0.62 

5.6 M - 3.96 1.67 7.30 3.7 -0.86 

10 M - 8.10 1.93 12.0 20 -1.08 



Ultra-Performance Liquid Chromatography Data Analysis 

 

Figure S1. UPLC chromatograms of cis-pinonic acid (2) aged in H2O and 0.52 mM H2SO4 (pH 3.00) for 2 days in 

ESI(–) mode (b, e), ESI(+) mode (c, f), and the corresponding PDA (a, d). Overlaid on the negative ion mode and 

positive ion mode TIC in red is the SIC for m/z 183.1028 and m/z 185.1177.  The PDA chromatograms were shifted 

0.06 minutes to account for the time delay between the two detectors. All chromatograms were normalized based on 

the maximum peak intensity of their respective dataset.  



 

 

Figure S2. Positive ion mode TIC for cis-pinonaldehyde (3) aged in (a) H2O, (b) 0.52 mM H2SO4 (pH 3.00), and 

(c) 1.0 M H2SO4 (pH -0.01).  

  



Kinetic Analysis 

 

Figure S3. Absorption spectra of cis-pinonic acid (2) aged in (a) 5.2 x 10-4 M (pH 3.00), and (b) 10 M (pH −1.08) 

solutions of H2SO4 recorded every 15 min for 24 h.  

 

Figure S3 shows the absorption spectra of cis-pinonic acid (2) aged in (a) 5.2 x 10-4 M (pH 3.00), 

and (b) 10 M (pH −1.08) solutions of H2SO4 as a function of time. The spectra of cis-pinonic acid 

in moderately acidic solutions (pH 3.00) are consistent with the presence of non-interacting 

carboxyl and carbonyl groups. The small peak at 285 nm corresponds to the weak n → π* transition 

in the carbonyl group of cis-pinonic acid (2), and the larger peak below 200 nm corresponds to π 

→ π* transitions. As seen in Figure S3a, there is no change in either the n → π* or π → π* transition 

as function of time cis-pinonic acid (2) confirming that cis-pinonic acid (2) is stable under these 

conditions. In Figure S3b, there is also the presence of the weak n → π* transition (~262 nm) and 

π → π* transition (< 200 nm) in the cis-pinonic acid (2) sample aged in 10 M (pH −1.08) H2SO4. 



However, the peaks that correspond to those transitions decrease over time, indicating a structural 

change (e.g., tautomerization). Previous studies have shown that ketones can undergo acid-

catalyzed aldol condensation, however, the aldol condensation product resulting from cis-pinonic 

acid (2) , C20H30O5, is absent from the mass spectra.6,7 The evidence presented in the TIC (Figure 

S1) and UV-Vis spectra (Figure S3b) suggest that there is a structural change (e.g., 

tautomerization) in cis-pinonic acid (2) rather than condensation reaction. In the first three hours, 

the reaction behaves as a first order reaction with respect to the decay of cis-pinonic acid (2), 

resulting in a rate constant of 6.33×10-5 h -1. Arcus and Bennett (1955), reported a rate constant of 

9.9×10-2 h -1,8 however, their conversion of cis-pinonic acid (2) to homoterpenyl methyl ketone (4) 

was done in monochloroacetic acid at 100°, while the reaction in this paper was done with sulfuric 

acid at room temperature and a lower concentration of starting material.8 This suggests that the 

isomerization rate constant strongly depends on temperature, which is an important consideration 

given the wide range of ambient temperatures in the atmosphere. 

 

Large-Scale Procedure for Aging Under Acidic Conditions for NMR Analysis 

 

A solution of 3 (8.77 g, 52.1 mmol) in ~500 mL of 10 M H2SO4 (pH –1.08), resulting in a mass 

concentration of ~17 mg/mL, was prepared. The solution was aged for 3 days in an open 

atmosphere. The crude solution was then poured over ice and diluted with H2O. Solid NaHCO3 

was added portion wise while stirring vigorously and monitoring pH. When the pH was 



approximately 2, the solution was partitioned with CH2Cl2, extracted with CH2Cl2, and washed 

with a saturated aqueous solution of NaHCO3 and a saturated solution of NaCl. The organic layers 

were dried over Na2SO4 and concentrated in vacuo to afford a crude black oil. The residue was 

purified via flash chromatography (0-100% EtOAc/Hex) to afford 4 (3.14 g, 33%), 5 (233 mg, 

3.0%) as an inseparable mixture with another constitutional isomer, and 6 (622 mg, 8.0%). 

 

Summary of NMR analysis 

Table S2. Tabulations of the 1H and 13C NMR data for compounds 4, 5, and 6. 

 

 



Key NMR Data and Structural Analysis  

Compound 4 

 

5,5-dimethyl-4-(3-oxobutyl)dihydrofuran-2(3H)-one (4) 

1H NMR (600 MHz, CDCl3) δ 2.55 (dd, J = 17.0, 7.9 Hz, 1H), 2.50 – 2.38 (m, 2H), 2.24 (dd, 

J = 17.0, 11.7 Hz, 1H), 2.17 (tdd, J = 11.1, 7.8, 3.8 Hz, 1H), 2.14 (s, 3H), 1.77 (dddd, J = 13.5, 

9.2, 6.6, 4.0 Hz, 1H), 1.51 (dddd, J = 13.9, 10.7, 8.7, 5.7 Hz, 1H), 1.42 (s, 3H), 1.24 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 207.3, 175.3, 86.7, 45.2, 41.9, 34.8, 30.1, 27.4, 23.3, 21.9. 

 

HRMS (+): The compound was identified to be m/z 185.1177 with a molecular formula of 

[C10H16O3+H]+. Other peaks are the fragments of m/z 185.1177.  

 



Compound 5 

 

1-(4-(propan-2-ylidene)cyclopent-1-en-1-yl)ethan-1-one (5) 

1H NMR (600 MHz, CDCl3) δ 7.16 (s, 1H), 2.63 (d, J = 6.5 Hz, 2H), 2.53 (d, J = 4.4 Hz, 2H), 

2.33 (s, 3H), 1.87 (s, 3H), 1.74 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 197.11, 146.34, 140.85, 140.49, 132.06, 29.46, 27.79, 26.65, 

21.98, 21.45. 

 

HRMS (+): The compound was identified to be m/z 151.1118 with a molecular formula of 

[C10H14O+H]+ 

 



Compound 6 

 

1-(4-isopropylcyclopenta-1,3-dien-1-yl)ethan-1-one (6) 

1H NMR (600 MHz, CDCl3) δ 7.24 (s, 1H), 6.26 – 6.16 (m, 1H), 3.22 (d, J = 1.5 Hz, 2H), 2.72 

(dtd, J = 13.7, 6.9, 1.2), 2.33 – 2.30 (m, 3H), 1.14 (ddd, J = 6.9, 2.0, 0.9 Hz, 6H). 

13C NMR (151 MHz, CDCl3) δ 193.71, 166.11, 144.95, 143.94, 125.00, 40.21, 30.34, 25.97, 

22.75. 

 

HRMS (+): The compound was identified to be m/z 151.1118 with a molecular formula of 

[C10H14O+H]+ 



Mechanism of the Formation of Homoterpenyl Methyl Ketone 

 

Scheme S1. Formation of homoterpenyl methyl ketone (4) from cis-pinonic acid (2) aged in H2SO4, adapted from 

Arcus and Bennett (1955)8. Carboxylic acid 2 undergoes an acid-catalyzed ring opening to afford enol S2 followed 

by tandem elimination of water and cyclization of S5 to form the γ-lactone 4. 

 

 

 

 

 

 

 

 

 



Mechanism of the Formation of Chromophores 5 and 6 

 

Scheme S2. Mechanism of formation of chromophore 5. Common intermediate 8 is boxed. 

 

 

Scheme S3. Mechanism of formation of chromophore 6. Common intermediate 8 is boxed. 

 

Chromophore Confirmation 

UPLC chromatograms 

To confirm that purified samples were the chromophores of interest, purified extracts were 

analyzed using UPLC-PDA-HRMS and then compared the peaks and elution times of Figure 3. 

Figure S4 shows the UPLC chromatograms of the separated samples, Compound 5 (blue trace) 

and 6 (orange trace).  



In the Compound 5 isolated sample, the TIC (Figure S4a) contains 2 peaks, one at 11.03 min 

and another at 12.17 min. Both peaks absorb as seen in Figure S4b, however, only the peak that 

eluted out at 12.17 min has the matches the TIC retention time in cis-pinonaldehyde (3) solution 

(Figure 3) and has m/z 151.1117 (C10H15O
+). This peak at 11.03 min is likely an impurity due to 

the purification process as this peak is not evident in Figure 3 and has a mass of m/z 149.0961 

(C10H13O
+). In Compound 6, the TIC (Figure S4a) also contains 2 peaks, one at 11.79 min and 

another at 12.00 min. Both peaks absorb and have m/z 151.1118 as noted by Figure S4b and Figure 

S4c.  

 

Figure S4. UPLC chromatograms of 5 and 6 isolated extracts in positive ion mode for TIC (a), PDA (b), and SIC 

(m/z 151.1117) (c). The PDA chromatogram was shifted ~0.06 minutes to account for the time delay between the two 

detectors. 



In comparison to the elution time in Figure 3 in the main text, it appears that Compound 5 

corresponds to peak at 12.21 min while Compound 6 corresponds to the peak at 11.85 and 12.07 

min.  Note that there is a ~0.05 min delay time between the purified samples (Figure S4) and the 

unpurified sample (Figure 3), which is likely due to instrument fluctuations as these samples were 

taken a couple of weeks apart. Additionally, the constitutional isomer that corresponds to the peak 

at 12.07 min could not be further purified and the structure determination is limited as there were 

only trace amounts in the scaled-up reaction so compound will have limited discussion in the 

following sections. 

Absorption Spectra of Separated Reaction Products 

 

Figure S5. Absorption spectra from PDA from the crude and isolated samples 

Additional comparisons for the purified and crude samples are shown in Figure S5, which 

highlights the respective PDA absorption spectra. The spectra for compound 5 and peak at 12.21 

min in Figure 3 absorb the same max wavelength of 318 nm, while the compound 6 sample likely 

corresponds to the peak at 11.84 min in Figure 3 because each peak absorbs at 306 nm. Note that 

the maximum absorption wavelength differs from Figure 4b, which is likely caused by a shift in 



the acid base equilibria as the samples were diluted with water–acetonitrile eluent used in UPLC.9 

This suggests that absorption spectra of these compounds are pH dependent, which is characteristic 

of other atmospheric compounds like nitrophenols, imidazole-2-carboxaldehyde and pyruvic 

acid.10–14 Furthermore, due to this pH dependence it is unclear if these compounds account for the 

absorption at 415 nm and 500 nm, as depicted in Figure 4, which may suggests the presence of 

other chromophores that could be generated during the aging cis-pinonaldehyde aged in 10 M (pH 

−1.08) H2SO4.  

 

Synthesis of 1-(3-isopropylcyclopentyl)ethan-1-one S20 via hydrogenation of 6 

 

A sample of 6 was azeotroped in MeOH prior to subjecting to the reaction conditions.  

In a two-neck round bottom flask under argon atmosphere was prepared a solution of Pd/C in 

MeOH (sparged for 1 h) and sparged for an additional 30 min. 6 was added as a solution in 

MeOH (sparged for 30 min).  The solution was then placed under a hydrogen atmosphere 

(hydrogen balloon; sparged for 2 h) and stirred for 16 h at room temperature. The solution was 

concentrated in vacuo to afford S20 as a 1:1 mixture of diastereomers. The sample was used 

crude for analysis. 

1H NMR (600 MHz, CDCl3): δ 2.98 – 2.81 (m, 1H), 2.14 (s, 3H), 2.03 – 1.96 (m, 1H), 1.94 – 1.88 

(m, 1H), 1.86 – 1.80 (m, 1H), 1.79 – 1.71 (m, 1H), 1.71 – 1.61 (m, 1H), 1.58 – 1.50 (m, 1H), 1.42 

– 1.33 (m, 1H), 1.32 – 1.25 (m, 1H), 0.92 – 0.85 (m, 6H). 



13C{1H} NMR (151 MHz, CDCl3): δ 211.6, 211.5, 52.4, 51.7, 48.7, 47.3, 34.4, 33.53, 33.48, 32.6, 

31.7, 30.2, 29.1, 29.0, 28.8, 27.6, 21.8, 21.72, 21.70, 21.5. 

Structural analysis of S20 

1D and 2D NMR experiments of unknown compound 6 indicated that the structure was 

one of two possible options – compound S21 or the structure we have assigned as compound 6 – 

which differ in the substitution pattern of the acyl and isopropyl moieties, either 1,2- or 1,3- 

around the ring. S22, the hydrogenation product of S21, is known in the literature (Figure S6) 

and reported and characterized by Hoveyda and coworkers.15 They observe a 1H shift of the C1 

methine at 3.10–3.06 for the syn-diastereomer and 2.63 for the anti-diastereomer of S22. We 

rationalized that if we observed these same signals following hydrogenation of compound 6, our 

unknown would follow a 1,2-substitution pattern. If we observed differing signals at the C1 

methine, we would have the 1,3-substitution pattern adduct. 

 Hydrogenation of 6 afforded S20 as a 1:1 mixture of diastereomers (refer to 20 peaks 

observed in the 13C NMR for a molecular formula of C10H18O). Indicative peaks include the 

methyl ketone COCH3 at 2.14 ppm and the isopropyl group CH(CH3) at 0.92–0.85 ppm. 

Notably, we observe the C1 methine at 2.85–2.93, with both the syn- and anti-diastereomers 

overlapping. As this shift differs from those reported by the Hoveyda group, we concluded that 

unknown 6 demonstrates a 1,3-substitution pattern around the ring. 

 

Figure S6. Possible hydrogenation products of unknown 6. 
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NMR Spectra 

The following pages contain images of NMR spectra of the compounds used in this work. 



 



 



 



  



 



  

 



  



 



 



 



 



 

 



 



 



 



 


