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3,3-Dimethyl-1-(phenylmethyl)azetidine 1. To a solution of 1-(p-toluenesulfonyl)-3,3-
dimethylazetidine (5)!"! (396 mg, 1.65 mmol) in methanol (5 mL) was added magnesium
powder (282 mg, 11.6 mmol). The mixture was sonicated for 2 h, then diluted with Et,O (3
mL) and Na,;SO4.10H,0 (854 mg, 2.65 mmol) added. After stirring for a further 30 minutes,
the mixture was filtered. Oxalic acid (75 mg, 0.83 mmol) dissolved in a minimal amount of
EtOH was added to the filtrate. The solvent was removed in vacuo to give 3,3-
dimethylazetidine oxalate salt (121 mg) as a white solid. This material was redissolved in
CH:Cl; (5 mL) and anhydrous Et;N (0.13 mL, 0.93 mmol). The mixture was stirred for 30
minutes then benzaldehyde (0.05 mL, 0.47 mmol) was added. The reaction was stirred at
room temperature for 12 h before addition of sodium triacetoxyborohydride (164 mg, 0.78
mmol). The mixture was stirred for a further 6 h, then quenched with saturated aqueous
NayCOs solution and extracted with CH,Cl,. The combined organic layers were dried over
NaxSOy, filtered and concentrated in vacuo. Purification on basic alumina (CH,Cl, —
CH,Cl,/MeOH 90/10) afforded 1 (49 mg, 34% over 2 steps) as a yellow oil. IR (film) 3660,
2956, 2872, 1627, 1450 cm™; '"H NMR (400 MHz, CDCl3) & 1.14 (s, 6H), 2.91 (s, 4H), 3.54
(s, 2H), 7.09-7.30 (m, 5H); *C NMR (100 MHz, CDCl3) & 27.5 (CHs), 31.6 (C), 63.8
(CH2Ph), 66.8 (CH; azetidine), 126.8 (CH), 128.2 (2 x CH), 128.4 (2 x CH), 138.6 (C);
HRMS (ESI) calculated for Ci,HsN [M+H]: 176.1434, found: 176.1434.

2-(3,3-Dimethyl-1-azetidinylmethyl)phenylboronic acid (6). To a solution of 1-(p-
toluenesulfonyl)-3,3-dimethylazetidine (5)"! (821 mg, 3.44 mmol) in methanol (10 mL) was
added magnesium powder (584 mg, 24 mmol). The reaction was sonicated for 3 h then
diluted with Et,O (5 mL) and Na,SO4.10H,O (1.77 g, 5.5 mmol) added. After stirring for a
further 30 minutes, the mixture was filtered. Oxalic acid (155 mg, 1.72 mmol) dissolved in a
minimal amount of EtOH was added to the filtrate. The solvent was removed in vacuo to give
3,3-dimethylazetidine oxalate salt (314 mg) as a white solid. This material was redissolved in
CH,Cl; (10 mL) and anhydrous Et;N (0.34 mL, 2.42 mmol). The mixture was stirred for 30
minutes then 2-formylphenylboronic acid (181 mg, 1.21 mmol) was added. The reaction was
stirred at room temperature for 12 h before addition of sodium triacetoxyborohydride (408
mg, 1.93 mmol). The mixture was stirred for a further 6 h, then quenched with saturated
aqueous Na,COs solution and extracted with CH,Cl,. The combined organic layers were
dried over Na,SOy, filtered and concentrated in vacuo. Purification on basic alumina (EtOAc

— EtOAc/MeOH 90/10) afforded 6 (180 mg, 48% over 2 steps) as a white solid. M.p. 184
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°C. IR (film) 3676, 2953, 2813, 1599, 1447 cm™. "H NMR (400 MHz, CDCl3) & 1.09 (s, 6H),
1.20 (br s, 2H), 3.29 (s, 4H), 4.16 (s, 2H), 7.03-7.27 (m, 3H), 7.60 (d, J = 5.4 Hz, 1H). °C
NMR (100 MHz, CDCls) & 27.7 (CH3), 29.6 (C), 64.7 (CH,Ph), 64.9 (CH, azetidine), 124.3
(CH), 126.5 (CH), 127.2 (CH), 131.9 (CH), 141.2 (2 x C). "B NMR (160 MHz, CDCl;) &
14.1 (64%), 23.1 (36%). HRMS (ESI) calculated for C,,H;9BNO, [M+H]: 220.1506, found:
220.1501.

2-(3,3-Dimethyl-1-azetidinylmethyl)phenylcatechol boronate (3). Compound 6 (53 mg,
0.24 mmol) and catechol (27 mg, 0.24 mmol) were dissolved in CHCl; (3 mL) and stirred
with MgSO4 (500 mg) at room temperature for 30 minutes. The mixture was filtered then
concentrated in vacuo to give 3 as a white solid (70 mg, 99%). IR (film) 3676, 2956, 2927,
1600, 1482 cm™. '"H NMR (400 MHz, CDCls) & 1.05 (s, 3H), 1.28 (s, 3H), 3.11 (d, J = 10.9
Hz, 2H), 3.87 (d, /= 10.9 Hz, 2H), 4.28 (s, 2H), 6.65-6.72 (m, 2H), 6.76-6.82 (m, 2H), 7.03-
7.09 (m, 1H), 7.17-7.24 (m, 2H), 7.42-7.47 (m, 1H). C NMR (125 MHz, CDCl;) & 26.1
(CH3), 28.8 (C), 29.5 (CH3), 65.7 (CH; azetidine), 66.6 (CH»Ph), 109.7 (2 x CH), 119.4 (2 x
CH), 122.7, 128.2, 128.6, 131.1, 139.4 (2 x C), 152.0 (2 x C). ''B NMR (160 MHz, CDCl;) &
13.7. "B NMR (160 MHz, d>-TCE) & 13.6. "'B NMR (160 MHz, ds-pyridine) & 14.1. HRMS
(ESI) calculated for CisH,BNO, [M+H]: 294.1663, found: 294.1664.

2-(3,3-Dimethyl-1-azetidinylmethyl)phenylpinacol boronate (4). Compound 6 (48 mg,
0.22 mmol) and pinacol (26 mg, 0.22 mmol) were dissolved in benzene (3 mL) and stirred
with molecular sieves (500 mg) at reflux for 12 h. The mixture was filtered then concentrated
in vacuo to give 4 as a white solid (49 mg, 74%). IR (film) 3674, 2963, 1601, 1447 cm™. 'H
NMR (400 MHz, CDCls) 8 1.27 (s, 18H), 3.45 (s, 4H), 4.16 (s, 2H), 6.97 (d, J = 6.7 Hz, 1H),
7.05-7.16 (m, 2H), 7.47 (d, J = 6.7 Hz, 1H). >*C NMR (100 MHz, CDCl3)  26.1 (CH3), 26.7
(CH3), 28.5 (C), 63.8 (CH; azetidine), 65.5 (CH,Ph), 79.2 (C), 122.1 (CH), 126.3 (2 x CH),
130.3 (CH), 138.5 (2 x C). '"'B NMR (160 MHz, CDCl;) & 13.7. ''B NMR (160 MHz,
CD,Clp) 6 13.9. HRMS (ESI) calculated for Ci;sH,0BNO, [M-+H]: 302.2289, found:
302.2280.
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Compound 6
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Compound 3
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Compound 3

1B NMR
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Compound 4
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General method for the determination of activation parameters. Variable temperature
NMR spectra were recorded at 500 MHz on a Bruker DRX spectrometer in 1,1,2,2-d>-
tetrachloroethane (d>-TCE), ds-pyridine (ds-Py) or CD,Cl,. Temperature calibration of the
spectrometer was performed using CH;OH/CD;0D (<298 K) and HOCH,CH,OH/DMSO-dg
(>298 K).J Natural line widths for each spectrum were determined by line fitting
deconvolution with Mestrec-Nova. The chemical shifts of the corresponding exchangeable
signals at close to coalescence were determined from a plot of Ax-AAg (in Hz) vs T at
temperatures well below coalescence. Simulated spectra for the A,X, spin system (for
compound 3 in d>-TCE and ds5-Py, compound 4 in or CD,Cl,) were generated using the
WINDNMR package (version 7.1.12)") and compared with the acquired spectra using
difference spectra. From these simulations, the rate constant k for inversion could be
determined as a function of temperature. Hence, from the Eyring equation, the activation

parameters could be determined by plotting In(k/T) versus 1/T wherein:
AH* = -(slope)R and AS* = [intercept + In(h/Ky)]R

where R = gas constant; h = Planck’s constant; and k;, = Boltzmann’s constant.

12
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Variable Temperature '"H NMR Spectra for 3-4:
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3 in ds5-Py:
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4 in CD,Cly:
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Eyring plots and activation parameters:

For 3 in d>-TCE:
AH* =100.2 kJ mol™; AS* =82.2 J K mol" and AG* (at 298 K) = 75.7 kJ mol .
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For 4 in CD,Cl,:
AH* = 67.6 kJ mol"; AS*=95.0 ] K™ mol™' and AG* (at 298 K) = 39.3 kJ mol™".
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Computational Modelling of 1, 3 and 4

Inversion Barrier Calculations: All first-principles calculations were performed using the
GAUSSIANO09 package.!”! Since the barriers should at least in part be affected by non-
bonded interactions, an approach that can recover such interactions, such as Mgller-Plesset
2" order perturbation theory (MP2) is preferable. Here, we have tested the performance of
density functional theory (DFT) against MP2 theory in this respect, via use of the PBEIPBE
hybrid exchange-correlation functional.”

DFT Calculations: All six structures [one minimum and one transition state each for 1, 3 and
4] were first optimized in the gas-phase at the PBE1PBE/6-31G* level of theory.

We performed systematic searches over possible ground state (GS) structures by considering
the range of rotamers supported by these compounds. For each compound there are only a
few rotable bonds; we have explored the possible rotatmers by generating initial structures
with systematic increments in the torsional angles defined over the atoms C-B-O-C and C-N-
C-C(Ar). For each set of possible torsional angles, we performed a geometry optimization
calculation. The GS structures reported represent the lowest-energy structures identified from
this procedure (and then subsequently refined as detailed below). Alternative structures were
at least 30 kJ mol™ higher in energy than those reported here.

Similarly, we performed a thorough rotameric search for the possible transition state (TS)
structures. While we explored a range of transition-state structures, only two such TSs
corresponded with pyramidal nitrogen inversion. The TS structures reported correspond with
the nitrogen-inversion TS of lowest energy. Again, these structures formed the basis for
subsequent refinement as described below.

For each of these structures, the geometry was re-optimized in the presence of an implicit
solvent, using the polarizable continuum model (PCM) of Tomasi and co-workers.[) The
implicit solvation model was configured in GAUSSIANO9 to model toluene, so as to
represent a general non-polar solvent. Analytic 2"_derivatives were calculated in the implicit
solvation runs to check the character of each stationary point, in particular confirming that all
transition-states corresponded to first-order saddles on the potential energy surface. In each
case, the transition vectors were inspected to confirm the mechanism of interconversion.
Harmonic frequencies were subsequently used to estimate the change in Gibbs free energy
between each pair of minimum and transition-state. In this way, the following Gibbs free
energy barriers were obtained: 1: 24.8 kJ mol™; 3: 56.6 kJ mol™; and 4: 12.7 kI mol™".

MP2 Calculations: Using the optimised PBEIPBE geometries from the implicit solvent
calculations, we calculated single-point energies in the implicit solvent at the MP2/aug-cc-
pVDZ level of theory. For each of these structures, we added on the free energy thermal
corrections obtained from the corresponding PBE1PBE calculation. In this way we obtained

18
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Gibbs free energy barriers for the 3 structures in implicit toluene solvent: 1: 35.4 kJ mol™; 3:
111.4 kJ mol™; and 4: 67.2 kJ mol™.

Secondary-hydrogen bonding: We exclude the possibility of secondary hydrogen-bonding
making a significant contribution to the free energy associated with nitrogen pyramidal
inversion, based on the structural evidence given below. Specifically, we consider the O...N
non-bonded distances, O...C non-bonded distances, and the O...C-H angles in the ground
state structure for both compounds 3 and 4. We report the O...C distances and related angles
for both the closest azetidine methyl group, as well as the two azetidine methylene groups. In
the case of the experimentally determined structure (3), where there exist two structures in
the unit cell, we provide data for the second structure in parentheses.

3 3 4
Calculated Experiment Calculated
O...N distance / A 2.59/2.53 2.57/2.54 2.59/2.57
(2.58/2.53)
O...C methyl distance / A* 3.55 3.46 (3.60) 3.44
0O...C-H methyl angle / ° 35 33 (33) 31
0...C distance / A" 2.91/3.01 2.90/3.01 2.93/3.17
(2.90/2.99)
0O...C-H methylene angle / ° 51/57 53/59 (52/59) 53/61

“ Between oxygen atom and azetidine methyl group in closest proximity. ” Distance from each oxygen
atom of the boronate ester to its nearest azetidine CH, neighbour.

In the case of the O...C methyl contacts, the carbon atom is too distant to make a significant
contribution to a hydrogen-bond. In the case of the O...C methylene contacts, while some of
the O...C distances could plausibly support a hydrogen-bond, the O...C-H angles clearly
show that hydrogen-bonds are not possible given the orientation of the CH bonds.

Natural Bonding Orbital (NBO) analysis: To gain a deeper insight into the electronic
properties of the B...N and related interactions, we carried out a natural bond orbital (NBO)
population analysis!” at the PBEIPBE/6-31G* level of theory for the GS structures of 3 and
4.

The delocalization of electron density from the nitrogen lone-pair to the boron 2p orbital
stabilizes the donor-acceptor interaction. The corresponding second-order perturbation theory
analyses of the Kohn-Sham equations indicate a stabilization energy of 112 vs 88 kJ mol’
(for 3 and 4 respectively) supporting a stronger B-N bond in 3.

In a similar vein, the calculated stabilization energy associated with delocalization of electron
density from each oxygen lone-pair to the boron 2p orbital is more pronounced for 4
compared with 3 (225 vs 211 kJ mol™ for oxygen 1, and 232 vs 221 kJ mol™ for oxygen 2,
for 4 and 3 respectively), suggesting that increased levels of back-donation and overlap
between the oxygen lone-pairs and boron in 4 compared with 3.

19
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Optimised Ground State (GS) and Transition State (TS) geometries for 1, 3 and 4.

GS1:

20
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GS3:

TS3:

21
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GS4:

TS4:

22



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

X-ray structure of 3 (CCDC 894158).

Solid-state structure and atom numbering of one of the crystallographically independent but
chemically equivalent molecules in 3. Thermal ellipsoids at 50% probability.

23
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Overlay of computed (orange) and solid-state structure (green) of 3:

24
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