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Figure S-7 1H NMR spectra of diborane 1, DtBMP, alkene 5 and CumCl at -65 oC in CD2Cl2 as a function of time. [1]o = 0.024 M; [5]o = 0.126 M; [DtBMP]o = 0.020 M; [CumCl]o = 0.020 M.
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Figure S-8 1H NMR spectra of 1, DtBMP, alkene 5 and CumCl at -65 oC in CD2Cl2 as a function of time. [1]o = 0.019 M; [5]o = 0.131 M; [DtBMP]o = 0.058 M; [CumCl]o = 0.019 M.
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Figure S-9 1H and 19F NMR spectra of ion-pair 2 at -80 ºC before and after the addition of exo-alkene 5. Signals due to 3 and 7 are as indicated. Benzene is also produced, presumably by HCl-mediated degradation of either 3 and/or 7 to form indanyl cations.7
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Figure S-10 a) 1H NMR spectra of the reaction of ion-pair 2 with 5 as a function of time at -80 °C in CD2Cl2.  Concentration data for ion-pair 6 are provided in the Table below. b) Plot of 
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 vs. time for the rate of appearance of ion-pair 6.
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Figure S-11 (a) Disappearance of ion-pair 6 vs. time at two different concentrations of [DtBMP] and [6]. The exponential curves which are fit to the data are intended as a guide for the eye. (b) Regression analysis for the disappearance of ion-pair 6 to form indan 7 at -65 °C according to eqn. 3. The line shown is the best fit to the experimental data and was obtained by varying the parameters discussed in the text so as to maximize r2 while keeping the slope of both lines equal.
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Figure S-12 1H NMR spectrum for a mixture of diborane 1, HCl and alkenes 10a + 10b in CD2Cl2 at -80 oC. [1] = [10a + 10b] = 0.017 M; [HCl] ~ 0.1 M. Assignments are color coded with reference to the structures shown and the compound numbers.
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Experimental Section

   Unless otherwise noted, all reagents were obtained from commercial sources and purified as required. All synthetic procedures were carried out in glassware previously passivated with dichlorodimethylsilane and were conducted under N2 using Schlenk techniques or in an Innovative Technology® glove-box. Hexanes, diethyl ether and toluene were purified by distillation from potassium and benzophenone under N2 and stored over activated 4 Å molecular sieves. Dichloromethane was distilled from P2O5 and stored over activated 4 Å molecular sieves. Cumyl chloride was prepared using a literature method,
 degassed and stored under N2 at -30 °C. 2,6-di-Methyl-2,6-diphenyl-4-heptanone was prepared by a literature method from phorone and benzene.
 Diborane 1 was synthesized using a modified version of the original literature method.

Routine 1H/19F NMR spectra were obtained on either Varian Mercury or Gemini 300 MHz instruments. All 1H spectra are referenced with respect to residual deuterated solvent. 19F NMR spectra are referenced with respect to tetrafluoro-p-xylene (TFX,  -146.2 with respect to CFCl3). 
    Variable temperature 1H/19F NMR spectra were recorded on a Varian Inova 400 MHz instrument, the thermocouple of which had been calibrated to within 5% of the actual temperature using a methanol standard. The solvent used for variable temperature studies (CD2Cl2) was dried by vacuum transfer from P2O5 and stored over activated 4 Å molecular sieves prior to use. 

FT-IR spectra were recorded using a Digilab Excalibur Series FTS 3000 spectrometer using Win-IR Pro 3.3 software. Elemental analyses were performed by Galbraith Laboratories, Knoxville, TN.

Purification and GC-MS Analysis of 2,6-di-t-Butyl-4-methyl-pyridine 

2,6-di-t-Butyl-4-methyl-pyridine (DtBMP) was purified by sublimation prior to use. GC-MS analysis was performed by direct liquid injection as a dilution in dichloromethane; 0.5 μl of solution were injected with a 10:1 GC split ratio onto a 30 m RXI-1MS (100% polydimethylsiloxane) GC capillary column. Injector temperature was 275oC. The Agilent 5973N mass spectrometer was scanned from 29-to-400 amu. The first dilution of the sample is shown in Figure S-1 to indicate the dynamic range of compounds in the sample.
A second, 10-fold dilution of the sample was prepared along with a 25:1 GC split ratio to give a better representation of the actual ratios of the major components. The mass spectrometer is limited in linear dynamic range. Only one of the compounds of MW=219 is detected. A simple peak integration of the total ion chromatogram is included in Figure S-2.
DtBMP has a characteristic fragmentation pattern that is repeated in most of the impurities; the difference being a mass shift due to higher overall molecular weight. Alkyl-substituted pyridines of molecular weight 205 (DtBMP), 219 (three compounds), 247 [corresponds to 2,4,6-tri-t-butylpyridine (TTBP) present in trace quantities – not shown], and 261 (major impurity) were detected. Mass spectra are shown in Figure S-3. 

The pattern suggests that the impurity with MW=261 has tert-butyl groups and may differ from TTBP by only one methylene group (-CH2-). The compound, TTBP, was actually identified in the sample at trace level. Two ‘types’ of alkyl-substituted pyridines of molecular weight 219 were also identified with retention times of 14.14 and 15.12 min. The addition of a methyl group to DtBMP will yield a structure and pattern consistent with the above spectra. The second ‘type’ with retention time = 14.39 min (0.07 %) may be a replacement of a t-butyl group by a different branched, five-carbon group. A prominent M-28 loss not seen with the other two impurities suggests this pyridine may have a 1,1,-dimethylpropyl group at the 2- (or 6-) position.
The commercial supplier (Sigma-Aldrich Chemical Co.) would not provide manufacturing details for this product. The most effective literature synthesis involves reaction of ammonia with the corresponding pyrilium salt at low T.
 The latter compound is available in one step from tBuCl and CO, or tBuCOCl and tBuOH. This reaction (or its several variations) involves the Lewis acid-mediated, di-acylation of isobutene with the t-butylacylium ion followed by cyclization and dehydration.
 

The major, higher MW impurity present corresponds to 2,6-di-t-butyl-4-neo-pentyl-pyridine (m/z = 261) which logically forms from 2,4,4-trimethylpentene by the same process and has been identified previously as a contaminant.4 The major contaminant detectable by 1H NMR spectroscopy (~0.5 mol% based on integration with respect to the 13C satellites of DtBMP) exhibits singlets at  0.90, 1.36, 2.46, and 6.87 in the correct ratio consistent with this compound (see Figure S-4).

The three isomeric pyridines which have m/z = 219 correspond to higher homologues of DtBMP and could form from t-amyl impurities in either tBuOH or tBuCOCl, depending on method of manufacture (e.g. tBuCOCl is produced by phosgenation of isobutene).
In summary, there is no evidence for less sterically hindered bases in this sample as has been established for 2,6-di-t-butylpyridine.
 We also note that this acylation route is not applicable to the synthesis of 2,6-di-t-butylpyridine.
Synthesis of alkenes 10a and 10b: 

Phenyllithium (1.8 M in nBu2O, 14 mL, 25.2 mmol) was added to 2,4-dimethyl-2.4-diphenyl-4-heptone (6.64 g, 22.6 mmol) in Et2O (50 mL) at -78 oC and the mixture was allowed to warm to RT and stir for another 5 h. The reaction mixture was poured into an ice-H2O mixture and then transferred to a separatory funnel. The organic layer was washed with H2O (3 ( 20 mL) and then dried over MgSO4. After filtration, washing with ether and removal of solvent in vacuo a pale yellow viscous liquid was obtained. The crude alcohol was used for next step without further purification and characterization. Yield: 6.98 g, 83%. 1H NMR (300mHz, CDCl3): 0.99, 1.05 (d, Me, 12 H), 1.21 (s, OH, 1H), 2.16 (t, CH2, 4 H), 7.13-7.35 (m, Ar, 15 H). FT-IR (thin film, KBr plate, cm-1): 
[image: image2.wmf]n

= 3572 (s), 3087 (m), 3058 (m), 3024 (m), 2963 (s), 2929 (s), 1948 (w), 1874 (w), 1807 (w), 1746 (w), 1601 (m), 1492 (s), 1474 (m), 1445 (s), 1387 (m), 1365 (s), 1346 (w), 1284 (w), 1234 (w), 1193 (w), 1111(w), 1084 (w), 1031 (m), 985 (w), 931 (w), 856 (w), 762 (s), 699 (s), 540 (s). 
HCl was bubbled through a solution of the alcohol 11 (6.5 g, 17.5 mmol) in diethyl ether at 0 oC for 2 h. Remove the solvent and distillation under reduced pressure (165 oC/1.5 mmHg) gave a mixture of alkenes (ratio = 2:1). 1H NMR (300mHz, CDCl3): 10a (major): 0.77, and 1.34 (two singlets, Me, total 12 H), 2.40 (s, CH2, 2 H), 5.67 (s, C=CH, 1 H) 6.51-7.31 (m, Ar, 15 H); 10b: 0.96, 1.07 (two singlets, Me, total 12 H), 2.63 (s, CH2, 2 H), 5.49 (s, C=CH, 1H) 6.51-7.31 (m, Ar, 15 H). FT-IR (thin film, KBr plate, cm-1): 
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= 3082 (m), 3059 (m), 3022 (m), 2927 (s), 2871 (m), 1943 (w), 1870 (w), 1801 (w), 1745 (w), 1671 (w), 1600 (m), 1491 (s), 1463 (m), 1443 (s), 1385 (m), 1364 (s), 1288 (w), 1234 (w), 1187 (w), 1101(m), 1076 (m), 1031 (m), 970 (w), 911 (w), 840 (w), 760 (s), 697 (s), 621 9w), 545 (s). Anal. Calcd for C27H30: C, 91.53; H, 8.47.  Found: C, 91.09; H, 8.48.  A mixture of these two alkenes was also produced from alcohol 11 using HCl at lower T in Et2O or CH2Cl2​, or on treatment with SOCl2 also at low T. 

A NOESY spectrum of the alkene mixture was recorded and the spectrum is depicted in Figure S-5. A strong correlation is seen between the olefinic signal at  5.49 with the methylene protons at  2.63 for the minor isomer. This correlation is absent in the other isomer and thus the major product is alkene 10a.
In situ formation of Ion-Pair 6
To a screw–top, septum sealed, 5 mm NMR tube was added the desired amount of diborane, DtBMP, and alkene 5 (in that order) in CD2Cl2 at room temperature in a glove-box. Concentrations of each material were established by preparing solutions in CD2Cl2 containing a known amount of 2,3,5,6-tetrafluoro-p-xylene (TFX) and then recording and integrating the 1H and 19F NMR spectra of the mixture. The contents of the tube were frozen in a diethyl ether/N2(l) bath under N2 and a stock solution of CumCl in CD2Cl2 (prepared from the same deuterated solvent containing TFX) was injected slowly via syringe. The tube was immersed into a pre-cooled (-80 oC) probe and allowed to thaw before establishing lock etc. 1H and 19F spectra were recorded at this T until diborane 1 and/or CumCl were consumed.

A representative 1H NMR spectrum of ion-pair 6 formed in this manner is depicted in Figure S-6 with assignments highlighted in grey. 1H NMR (300 MHz, CD2Cl2, -75 °C)  8.02 (t, J = 7.0 Hz, p-C6H5-CR2+, 1H) 7.52 (d, J = 8.2 Hz, o-C6H5-CR2+, 2 H), 3.58 (br d, JAB = 8 Hz, 2 H), 3.49 (br d, JAB = 8 Hz, 2 H), 1.62 (br s, 6 H, CMe2Ph), 1.36 (br s, 6 H, CMe2Ph). 19F NMR, 288 MHz, CD2Cl2, -75 °C)  -132.5 (br s, o-C6F5, 8F), -135.3 (br d, JFF = 19.9 Hz, o-C6F4, 2F), -157.3 (br t, JFF = 20.3 Hz, p-C6F5, 4F), -161.20 (d, JFF = 19.9 Hz, m-C6F4, 2F), -164.5 (br m, m-C6F5, 8F). A representative 19F NMR spectrum of this counter-anion at this T is depicted in Figure S-10 – the ​o-C6F5 fluorine atoms are exchange broadened at this T.
Reaction of DtBMP with ion-pair 6
A solution of ion-pair 6 was prepared at -80 °C as described above and once consumption of CumCl and diborane 1 was complete, the tube was warmed to -65 °C. A set of arrayed spectra were obtained with a fixed time increment (0.1 – 60 sec, depending on the rate of reaction) between spectra; the arrayed FIDs were apodized, transformed, and the resulting spectra phased and the baseline-corrected using the program ACD prior to integration. Representative arrayed spectra are depicted in Figures S-7 and S-8, respectively. The resulting intensity data were transferred to MS Excel for further analysis where the rate of disappearance of ion-pair 6 is shown in Figure 2. 
Reaction of ion-pair 2 with alkene 5 in the absence of DtBMP
To a screw–top, septum sealed, 5 mm NMR tube was added 13 mg of diborane 1 (15.5 mmol) and 0.50 mL of CD2Cl2 at room temperature in a glove-box. The contents of the tube were frozen in a diethyl ether/N2(l) bath under N2 and a solution of CumCl in CD2Cl2 (0.10 mL of 0.065 M) was injected slowly via syringe. The tube was immersed into a pre-cooled (-80 oC) probe and allowed to thaw before establishing lock etc. 1H and 19F spectra were recorded at this T until diborane 1 and CumCl were consumed. A 1H and 19F NMR spectrum of ion-pair 2 appears in Figure S-9.

To the cold solution of ion-pair 2 was added 0.11 mL of a solution of alkene 5 in CD2Cl2 (0.15 M). The 1H NMR spectrum of the resulting mixture is depicted in Figure S-9 showing complete consumption of 5 with formation of inter alia indans 3 and 7. Indanyl ion-pairs, formed by HCl-mediated, de-phenylation of either 3
 or 7 are also present as witnessed by additional signals in the  3-4 and  > 8 regions, but ion-pair 6 is absent.
Reaction of ion-pair 2 with alkene 5 in the presence of DtBMP•HCl (4)
The procedure outlined above for the in situ preparation of ion-pair 6 was followed using 0.018 mmol of diborane 1, 0.013 mmol of DtBMP, ~ 0.03 mmol of alkene 5, and 0.015 mmol of CumCl in 0.64 mL of CD2Cl2. As soon as the tube had thawed in the probe and lock had been established, arrayed spectra were collected at -80 °C every 60 sec and are depicted in Figure 1. The integral data for 6 were referenced with respect to TFX (0.037 M) and the second order appearance plot for compound 6 is depicted in Figure S-10.
Reaction of Alkenes 10a + 10b with HCl in the presence of diborane 1
A HCl stock solution in CD2Cl2 was prepared by bubbling dry HCl (prepared from NaCl and H2SO4 under a stream of N2) through dry CD2Cl2 containing TFX at 25 °C. A 1H NMR spectrum was recorded to determine the concentration of dissolved HCl (ca. 0.045 M). 

A stock solution of 20 mg of 10a + 10b  (0.062 mmol) in 0.40 mL of CD2Cl2 was prepared and 0.10 mL of this solution (ca. 0.0155 mmol) this was added to 0.40 mL of HCl solution (ca. 1.2 equiv.) at -80 °C. A 1H NMR spectrum of the mixture indicated little reaction. Then 0.20 mL of a solution of 12 mg of diborane 1 (0.014 mmol) in CD2Cl2 was added at low T. The resulting 1H spectrum is shown in Figure S-11 and consisted of a mixture of indans 3,  and 7, ion-pairs 2 and 6 in addition to some CumCl. The corresponding 19F NMR spectrum revealed complete consumption of diborane 1 with formation of the expected counter-anion.
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Figure S-1 Total ion chromatogram of DtBMP. Unlabelled peaks are siloxane impurities
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Figure S-2 Total ion chromatogram of sublimed DtBMP – 10-fold dilution. Unlabelled peaks are due to siloxane impurities.
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Figure S-3 Representative mass spectra of components
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Figure S-4 1H NMR spectrum of sublimed 2,6-di-t-butyl-4-methylpyridine (CD2Cl2, 300 MHz). The signals due to 4-neopentyl-2,6-di-t-butyl-pyridine that are resolved are highlighted in grey.
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Figure S-5 2D NOESY spectrum of alkenes 10a and 10b. The correlation between the olefinic and allylic methylene protons of 10b is indicated with squares.
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Figure S-6 1H NMR spectrum of diborane 1, DtBMP, alkene 5 and CumCl at -75 oC in CD2Cl2. Peaks that can be assigned to C2-symmetric ion-pair 6 are highlighted in gray. 
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Figure S-7 1H NMR spectra of diborane 1, DtBMP, alkene 5 and CumCl at -65 oC in CD2Cl2 as a function of time. [1]o = 0.024 M; [5]o = 0.126 M; [DtBMP]o = 0.020 M; [CumCl]o = 0.020 M.
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Figure S-8 1H NMR spectra of 1, DtBMP, alkene 5 and CumCl at -65 oC in CD2Cl2 as a function of time. [1]o = 0.019 M; [5]o = 0.131 M; [DtBMP]o = 0.058 M; [CumCl]o = 0.019 M.
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Figure S-9 1H and 19F NMR spectra of ion-pair 2 at -80 ºC before and after the addition of exo-alkene 5. Signals due to 3 and 7 are as indicated. Benzene is also produced, presumably by HCl-mediated degradation of either 3 and/or 7 to form indanyl cations.7
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Figure S-10 a) 1H NMR spectra of the reaction of ion-pair 2 with 5 as a function of time at -80 °C in CD2Cl2.  Concentration data for ion-pair 6 are provided in the Table below. b) Plot of 
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 vs. time for the rate of appearance of ion-pair 6.
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Figure S-11 (a) Disappearance of ion-pair 6 vs. time at two different concentrations of [DtBMP] and [6]. The exponential curves which are fit to the data are intended as a guide for the eye. (b) Regression analysis for the disappearance of ion-pair 6 to form indan 7 at -65 °C according to eqn. 3. The lines shown are the best fit to the experimental data and were obtained by varying the parameters discussed in the text so as to maximize r2 while keeping the slope of both lines equal.
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Figure S-12 1H NMR spectrum for a mixture of diborane 1, HCl and alkenes 10a + 10b in CD2Cl2 at -80 oC. [1] = [10a + 10b] = 0.017 M; [HCl] ~ 0.1 M. Assignments are color coded with reference to the structures shown and the compound numbers.
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