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S1. Synthesis of (–)-α-pinene 

 
Scheme S1. Synthesis of (–)-α-pinene by a copper-mediated coupling with enol triflate.1 
 

 (1R)-6,6-Dimethylbicyclo[3.1.1]heptan-2-one (2): Ozone was bubbled 
through a solution of (–)-β-pinene (40 g, 294 mmol) in methanol (70 mL) at -78 
ºC. After 3 hours, O2 was bubbled through for an additional 30 minutes.  After 
addition of dimethyl sulfide (37 mL, 504 mmol) mixture was then allowed to 

warm to room temperature and stirred for an additional 12 hours.  Reaction was transferred to a 
separatory funnel and diluted with CH2Cl2 (100 mL) and H2O (100 mL).  The organic phase was 
collected and aqueous layer extraced with CH2Cl2 (2 x 100 mL).  The combined organics were 
washed with brine and dried using Na2SO4.  Concentration under reduced pressure affording an 
oil.  Flash column chromatography on silica gel using 5% EtOAc in hexanes as the eluent 
afforded the title compound as a clear oil. (39.0 g, 282 mmol, 96% yield): 97:3 e.r. [α]20D = 
+20.7 (c 2.9, CHCl3); IR (film) 2951, 1710, 1460, 1200, 1030 cm-1; 1H NMR (500 MHz, CDCl3) 
2.58–2.51 (m, 3H); 2.34 (ddd, 1H, J = 19.1, 9.2, 2.0 Hz); 2.25 (m, 1H); 2.05 (m, 1H); 1.94 (m, 
1H); 1.58 (d, 1H, J = 10.4 Hz); 1.33 (s, 3H); 0.85 (s, 3H); 13C NMR (125 MHz, CDCl3): δ  215.1, 

                                                
1. McMurry, J. E.; Scott, W. J. Tetrahedron. Lett. 1980, 21, 4313–4316. 
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57.9, 41.2, 40.3, 32.8, 25.9, 25.2, 22.1, 21.4; HRMS (EI): Exact mass calcd for C9H10O [M]+, 
138.1045. Found 138.1035. 
 
 (1R)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl trifluoromethanesulfonate (3): To a solution 
of diisopropylamine (2 mL, 14.3 mmol) in THF (50 mL) at 0 ºC was added n-BuLi (6.67 mL, 13 

mmol, 1.95 M in hexanes) and cooled to –78 ºC, under N2.  After 15 minutes, 
(1R)-6,6-dimethylbicyclo[3.1.1]heptan-2-one-3 (2) (1.8 g, 13 mmol) in THF 
(20 mL) was cannulated dropwise into solution of LDA and stirred for 1 
hour.  At this time, a solution of PhNTf2 (5 g, 14 mmol) in THF (20 mL) was 

added over a period of 15 minutes.  The resulting mixture was warmed to 0 ºC and stirred for 2 
hours.  Reaction was diluted with H2O (100 mL) and Et2O (50 mL) and transferred to a 
separatory funnel.  The organic phase was collected and the aqueous layer extracted with Et2O (2 
x 100 mL). The combined organics were dried with Na2SO4. Concentration under reduced 
pressure and flash column chromatography on silica gel in 10% EtOAc in hexanes as the eluent 
afforded the title compound (2.41 g, 8.9 mmol, 69% yield) as a clear oil: 97:3 e.r. [α]20D = –53.4 
(c 2.1, CHCl3); IR (film) 2958, 1420, 1206, 1143, 859 cm-1; 1H NMR (500 MHz, CDCl3) 5.54 (d, 
1H, J = 3.3 Hz); 2.56 (dt, 1H, J = 9.2, 5.7 Hz); 2.39–2.27 (m, 3H); 2.14 (dd, 1H, J = 5.2, 2.7 Hz); 
1.38 (d, 1H, J = 9.2 Hz); 1.34 (s, 3H); 0.93 (s, 3H); 13C NMR (125 MHz, CDCl3): δ  155.0, 118.5 
(q, 1C, J = 320 Hz), 111.4, 46.3, 40.1, 39.7, 31.7, 28.2, 25.5, 20.8; HRMS (EI): Exact mass calcd 
for C10H13F3O3S [M]+, 270.0538. Found 270.0538. 
 

 (1S)-6,6-Dimethy-2-bicyclo[3.1.1]hept-2-ene (4): Methyl lithium (8.3 mL, 
13.2 mmol, 1.6 M in Et2O) was added to a slurry of CuI (1.74 g, 9.15 mmol) 
in Et2O (24 mL) at 0 ºC.  After stirring for 15 minutes, a room temperature 
solution of (1R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl 

trifluoromethanesulfonate (3) (1.02g, 3.77 mmol) in THF (6 mL) was added dropwise by 
cannula.  After 6 hours at 0 ºC, reaction was warmed to room temperature and filtered through a 
plug of Florisil® (CAUTION: quenches vigorously with gas evolution), flushing with pentanes.  
Concentration under reduced pressure afforded the title compound (450 mg, 3.30 mmol, 88% 
yield) as a clear oil: Spectral data matched previous information for naturally occurring pinene. 
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Fig. S1. ssp-Polarized high-resolution SFG spectra of synthetic (top) and commercial (-)-
α−pinene at the CaF2/vapor interface. 
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Fig. S2 Simulated time-domain SFG free-induction decay (FID) curve using the parameters of 
the 10 peaks in Table I. These FID curves (Intensity, Imaginary and Real) correspond to the HR-
BB-SFG spectrum in Figure 3a. Due to the interference between the overlapping peaks, the FID 
curve is complicated and hard to be used to extract spectral parameters. However, those 
parameters can be obtained from fitting the HR-BB-SFG as in Figure 3a.  
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S2. DFTB Calculations. The method used to compute the vibrational lifetime involves the 
construction of a distance matrix defined by the connectivity of atoms in the molecule. [D


]ij  

refers to the distance between atoms i and j, and [D

]0  denotes the distance matrix at the 

equilibrium geometry. The time-dependent fluctuation of the distance matrix is shown in Eqn 
(S2). 
 

[D

]ij = ri

− rj


      (S1) 

[ f

](t) = [D


](t)−[D


]0      (S2) 

[ f

]S = [D

]S −[D

]0      (S3) 

P(t) = [ f

]ij (t)[ f


]ij,S

j

Natom

∑
i

Natom

∑      (S4) 

 
Additionally, a static displacement matrix [ f


]S  is defined where the molecular geometry is 

displaced by a specific step size along a selected normal mode, and [D

]S  is the distance matrix at 

the displaced geometry. Projection of the time-dependent fluctuation matrix [ f

](t)  onto [ f


]S  is 

obtained from the sum of the dot products of corresponding column vectors in [ f

](t)  and [ f


]S  

as shown in Eqn (S4).  
 
Using the procedure described above, a selected normal mode is “excited” at the start of the 
simulation by displacing the molecule from its minimized geometry along that mode using a step 
size of 0.0625 Å. P(t) is monitored as a function of time, and its Fourier transform yields a 
spectrum with a well-defined peak at the vibrational frequency of that normal mode. The peak is 
fitted to a Lorentzian and the lifetime is estimated from the reciprocal of the full width at half-
maximum. We have verified that the lifetime calculations are generally not sensitive to the 
choice of step size (See Table S1). We have also tested the effect of varying the coupling 
strength (0.05, 0.1 and 0.2 ps-1) to the Berendsen thermostat for two modes and verified that the 
effect is generally small. Specifically, for the resulting lifetimes for the νCH3 symmetric stretch 
are 0.68, 0.88 and 0.61 ps respectively. Similarly, the lifetimes for the βCH2 symmetric stretch 
are 1.7, 1.9 and 1.6 ps respectively. As such, all calculations were based on the coupling strength 
of 0.1 ps-1. All geometry optimization and frequency calculations (B3LYP and DFTB) were 
carried out in Gaussian 091 using the “mio-1-1” parameter set.2 The DFTB molecular dynamics 
simulations were carried out using the DFTB+ program.3 
 
Table S1. Dependence of computed vibrational lifetimes on stepsize. 

Mode <t> /psa Stretch size(Å)b  Energy (kcal mol-1)c 

νCH3 sym str 
  
  
  

0.5 0.5 178.3 
0.5 0.25 31.5 
0.8 0.125 6.9 
0.9 0.0625 1.9 
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η,χCH3 sym str 
  
  
  

1.1 0.5 145.4 
0.5 0.25 28.6 
0.7 0.125 6.8 
1.1 0.0625 2.0 

βCH2 sym str  
  
  
  

1.6 0.5 150.9 
1.5 0.25 28.8 
1.5 0.125 6.4 
1.9 0.0625 1.7 

η,χCH3 asym str 
  
  
  

1.1 0.5 151.6 
1.6 0.25 30.0 
1.8 0.125 7.4 
3.3 0.0625 2.2 

a Averaged over five 6 ps trajectories. b Displacement along selected normal mode (angstrom). c Energy of the 
stretched configuration relative to minimum at the DFTB level of theory 
 
 

  

  
 
Fig. S3. LEFT: Decay of displacement along normal mode η,χCH3 symmetric stretch (top) 
and βCH2 symmetric stretch (bottom). RIGHT: Corresponding Lorentzian fit to the Fourier 
transform of P(t). 
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