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Abstract

We describe a general synthesis of 1,2-azaborines using standard air-free techniques and protein complex preparation with T4 lysozyme
mutants by vapor diffusion. Oxygen- and moisture-sensitive compounds are prepared and isolated under an inert atmosphere (N2) using
either a vacuum gas manifold or a glove box. As an example of azaborine synthesis, we demonstrate the synthesis and purification of the
volatile N-H-B-ethyl-1,2-azaborine by a five-step sequence involving distillation and column chromatography for the isolation of products. T4
lysozyme mutants L99A and L99A/M102Q are expressed with Escherichia coli RR1 strain. Standard protocols for chemical cell lysis followed
by purification using carboxymethyl ion exchange column affords protein of sufficiently high purity for crystallization. Protein crystallization is
performed in various concentrations of precipitant at different pH ranges using the hanging drop vapor diffusion method. Complex preparation
with the small molecules is carried out by vapor diffusion method under an inert atmosphere. X-ray diffraction analysis of the crystal complex
provides unambiguous structural evidence of binding interactions between the protein binding site and 1,2-azaborines.

Video Link

The video component of this article can be found at https://www.jove.com/video/55154/

Introduction

Boron-nitrogen containing heterocycles (i.e. 1,2-azaborines) have recently drawn significant attention as isosteres of arenes. This isosterism can
lead to diversification of existing structural motifs to expand the chemical space2,3,4. Azaborines have potential utility for application in biomedical
research5,6,7,8, especially in the area of medicinal chemistry in which chemists carry out synthesis of libraries of structurally and functionally
relevant molecules. Significantly, however, while there are numerous well-developed synthetic routes to available arene-containing molecules,
only a limited number of methods for the synthesis of azaborines have been reported9,10,11,12,13. This is mainly due to a limited number of options
for the boron source and the air- and moisture- sensitive nature of the molecule in the early stage of synthetic sequence.

In the first part of this article, we will describe a multi-gram scale synthesis of N-TBS-B-Cl-1,2-azaborine (3) using standard air-free techniques.
This compound serves as a versatile intermediate that can be further functionalized to structurally more complex molecules14,15. Starting from
3, the synthesis and purification of N-H-B-ethyl-1,2-azaborine (5) for use in protein binding studies will be described. Due to the volatility of 5, its
efficient isolation requires precise control of reaction temperature, time, and distillation conditions.

In the second part, protocols for protein expression and isolation of T4 lysozyme mutants (L99A and L99A/M102Q)17,18,19,20 will be presented,
followed by protein crystallization and preparation of protein-ligand crystal complexes. T4 lysozyme mutants L99A and L99A/M102Q were
chosen as biological model systems to examine the hydrogen bonding capability of N-H containing azaborine molecules17. Using a standard
molecular biology protocol, the protein is expressed in Escherichia coli RR1 strain and induced with isopropyl-β-D-1-thiogalactopyranoside
(IPTG). Protein purification is carried out using ion-exchange column chromatography. Protein crystallization is performed with highly
concentrated purified protein solution (>95% purity by gel electrophoresis) using the hanging drop vapor diffusion method. Because of the
sensitivity of this study's ligands to oxygen, the protein-ligand complexes are prepared under air-free conditions.

Protocol

NOTE: All oxygen- and moisture-sensitive manipulations were carried out under an inert atmosphere (N2) using either standard air-free
techniques or a glove box. THF (tetrahydrofuran), Et2O (diethyl ether), CH2Cl2 (dichloromethane), toluene, and pentane were purified by passing
through a neutral alumina column under argon. Acetonitrile was dried over CaH2 (calcium hydride) and distilled under nitrogen atmosphere prior
to use. Pd/C (palladium on carbon) was heated under high vacuum at 100 °C for 12 h prior to use. Silica gel (230-400 mesh) was dried for 12
h at 180 °C under high vacuum. Flash chromatography was performed with this silica gel under an inert atmosphere. All other chemicals and
solvents were purchased and used as received.
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NOTE: Caution, please consult all relevant material safety data sheets (MSDS) before use. Several of the chemicals used in the synthesis are
acutely toxic and carcinogenic.

1. Preparation of 1,2-Azaborines

NOTE: Characterization data of all compounds in this study have been previously reported12, 13, 16.

 

Figure 1: Synthetic scheme of 1,2-azaborines. Detailed protocols for the synthesis of each compound (1-5) are described in the protocol
section. Please click here to view a larger version of this figure.

1. Preparation of N-allyl-N-TBS-B-allyl chloride adduct (1)
1. In a glove box, measure out 6.70 g (50.0 mmol) triallylborane22 into an oven-dried 24/40 1 L round-bottom flask equipped with a stir bar

and add 250 mL dichloromethane. Seal the flask with a rubber septum. Outside the box, cool the solution to -78 °C under a nitrogen
atmosphere on a vacuum gas manifold.

2. Add 100 mL of 1.00 M boron trichloride solution (100 mmol) in hexane to the triallylborane solution at -78 °C via cannula transfer. Let
the reaction mixture stir at this temperature for 4 h.
 

NOTE: Caution, boron trichloride is highly reactive with water.
3. In a separate 100 mL flask, measure out 25.7 g N-(t-butyldimethylsilyl)-N-allylamine (150 mmol) and add 20.0 mL dichloromethane. To

the 1 L reaction flask, add this solution via cannula transfer maintaining the reaction temperature at -78 °C.
4. Add 21.0 mL triethylamine (150 mmol) to the reaction. Maintain stirring under a positive flow of nitrogen and allow it to gradually warm

to room temperature overnight.
5. After 18 h of stirring, remove approximately one-half of the solvent through a vacuum gas manifold using high vacuum (300-500 mTorr)

with a liquid nitrogen trap.
6. Take the reaction flask into a glove box and filter off the white salt formed in the reaction mixture through an oven-dried medium-

porosity frit equipped with a 24/40 vacuum adaptor and a 24/40 500 mL round-bottom flask with a stir bar. Use dichloromethane to
transfer all the remaining materials.

7. Remove all the remaining volatiles from the filtrate outside the box using a vacuum gas manifold with high vacuum.
8. In a glove box, transfer the concentrated reaction mixture into an oven-dried 14/20 100 mL round-bottom flask with a stir bar to prepare

for distillation. Cap the flask with a septum.
9. Under a flow of nitrogen, quickly open the septum and add 200 mg calcium hydride as a drying agent.
10. Set up distillation apparatus by fitting an oven-dried 14/20 distillation head attached with a thermometer, one side with a receiving 14/20

50 mL air-free storage flask and the other side with the 100 mL flask containing crude product. Equip the distillation head with chilled
water. (Use grease for all the joints of the distillation apparatus.)
 

NOTE: The product begins to distill when the vapor temperature reaches 60 °C at 300 mTorr.
11. Continue collecting the product by raising the temperature of the oil bath until the distillation head thermometer reads 75 °C.

 

NOTE: The product is a clear colorless liquid.
12. Stop distillation by removing the heat source and cool the apparatus to room temperature prior to storage. Upon cooling, repressurize

the apparatus with nitrogen and tightly close the plug valve on the air-free storage flask. Store the isolated product in a glove box
freezer.
 

NOTE: The yield can vary from 65% to 84%.

2. Preparation of N-TBS-B-Cl ring-closed product (2)
1. In a glove box, measure out 56.0 g N-allyl-N-TBS-B-allyl chloride adduct (1) (217 mmol) in an oven-dried 24/40 1 L round-bottom flask

with a stir bar and add 500 mL toluene.
2. Measure out 1.79 g Grubbs 1st generation catalyst (2.17 mmol).
3. Add the catalyst portion-wise to the stirring solution of 1 at room temperature in a glove box. Purge the box during the addition to

remove ethylene gas formed from the reaction.
 

NOTE: The reaction is typically complete within 30 min of the cessation of gas evolution. As another indicator of completion, the
reaction color will have completely changed from its initial purple to brown. At this point, the product can be isolated using vacuum
distillation; see reference 12 for details. In this protocol, a one-pot, two-step procedure for the direct synthesis of 3 is described.

3. Preparation of N-TBS-B-Cl-1,2-azaborine (3)
1. To the reaction solution of the ring-closed product (2) in toluene, add 14.0 g palladium on carbon (10 wt% Pd, 13.2 mmol).
2. Remove the flask from the box and fit it with an oven-dried 24/40 reflux condenser that has been purged with nitrogen and equipped

with chilled water.
3. Heat the reaction using an oil bath to a vigorous reflux at 135 °C while stirring.
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4. After maintaining at reflux for 16 h, cool the reaction by removing the flask from the oil bath. Upon cooling to room temperature,
withdraw a 0.5 mL aliquot from the reaction mixture using a syringe equipped with an oven-dried Luer lock needle. Transfer the 0.5 mL
aliquot to a screw-top NMR tube to analyze via 11B NMR12.
 

NOTE: The desired product peak appears at ca. 35.5 ppm12, while the starting material peak appears at ca. 42.9 ppm12. Usually at this
point 11B NMR indicates the reaction is incomplete, with a minor starting material peak remaining.

5. If the reaction is incomplete, bring the reaction flask into a glove box and add an additional 3.00 g palladium on carbon (10 wt% Pd,
2.82 mmol).

6. Resubject the reaction to reflux conditions as described in 1.3.2 and 1.3.3.
7. After an additional 24 h at reflux, analyze another aliquot of the reaction by 11B NMR. At this point, the reaction should be complete.
8. Transfer the reaction flask to the glove box and pass the reaction mixture through a disposable flash chromatography column packed

with paper wipes. Collect the filtrate by washing with 50.0 mL of toluene.
9. Remove all the volatiles from the filtrate outside the box on a vacuum gas manifold equipped with high vacuum.

 

NOTE: Removal of the volatiles can take 40 min to 90 min depending on the vacuum pressure. When the vacuum gauge reads
maximum pressure, it indicates that the removal of solvent is complete. While removing solvent, make sure that the water bath
underneath the flask remains at room temperature for heat dissipation.

10. In a glove box, transfer the concentrated reaction mixture into an oven-dried 24/40 250 mL round-bottom flask with a stir bar. Cap the
flask with a septum.

11. Quickly remove the septum and add 200 mg calcium hydride as a drying agent.
12. Set up distillation apparatus by fitting an oven-dried 24/40 distillation head attached with a thermometer, one side with a receiving 24/40

100 mL air-free storage flask and the other side with the 100 mL flask containing crude product. Equip the distillation head with chilled
water. Use grease for all the joints of the distillation apparatus.
 

NOTE: The product begins to distil when the vapor temperature reaches 65 to 70 °C at 1,000 mTorr with an oil bath temperature
between 90-100 °C. The product is a clear colorless liquid.

13. Stop distillation by removing the heat source and cool the apparatus to room temperature prior to storage. Upon cooling, repressurize
the apparatus with nitrogen and tightly close the plug valve on the air-free storage flask. Store the isolated product in a glove box
freezer at -30 °C.
 

NOTE: The yield for the one-pot, two-step procedure is 52%.

 

Figure 2: 11B NMR spectra for monitoring formation of N-TBS-B-Cl-1,2-azaborine (3). A) N-Allyl-N-TBS-B-allyl chloride adduct (1), starting
material for ring closing metathesis. B) Oxidation after 16 h. (Unreacted N-TBS-B-Cl ring-closed product (2) and isomerized B-vinyl ring-closed
product (2') along with N-TBS-B-Cl-1,2-azaborine (3) are shown.) C) Oxidation after additional 24 h. D) Isolated product (3) after purification by
vacuum distillation. Please click here to view a larger version of this figure.
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4. Preparation of N-H-B-OBu-1,2-azaborine (4)
1. In a glove box, measure out 4.00 g N-TBS-B-Cl-1,2-azaborine (3) (17.6 mmol) in an oven-dried 100 mL round-bottom flask with a stir

bar and add 35 mL acetonitrile. Measure out 1.14 g acetamide (19.3 mmol) and transfer to the reaction flask. Seal the flask with a
rubber septum.

2. Remove the reaction flask from the box and fit with an oven-dried 24/40 reflux condenser that has been purged with nitrogen and
equipped with chilled water.

3. Heat the reaction to reflux at 85 °C in an oil bath with stirring.
4. After 3 h at reflux, cool the reaction by removing the flask from the oil bath. Upon cooling to room temperature, remove the solvent on a

vacuum gas manifold equipped with high vacuum.
5. After removing the volatiles under vacuum, redissolve the reaction residue in 15.0 mL THF. To this solution add 3.21 mL of n-butanol

(35.1 mmol).
6. Stir the reaction at room temperature for 1 h.
7. Remove the solvent on a vacuum gas manifold equipped with high vacuum to obtain the crude product.
8. In a glove box, isolate the product via silica gel column chromatography, using a mixture of pentane and diethyl ether (5:1) as eluent.

Remove volatiles from the product-containing fractions using a vacuum gas manifold equipped with high vacuum to obtain the pure
product as a white solid.
 

NOTE: The yield can vary from 82% to 87%.

5. Preparation of N-H-B-ethyl-1,2-azaborine (5)
1. In a glove box, measure out 1.00 g N-H-B-OBu-1,2-azaborine (4) (6.62 mmol) in an oven-dried 100 mL round-bottom flask with a stir

bar and add 25 mL Et2O. Seal the flask with a rubber septum and place under N2 on a vacuum gas manifold.
2. In a separate oven-dried 100 mL round bottom flask, add 26.5 mL of ethyllithium solution (0.5 M in benzene/cyclohexane, 13.2 mmol)

under nitrogen atmosphere. Remove the mixture of the solvent (benzene/cyclohexane) from the ethyllithium reagent to avoid issues
with isolating the desired azaborine product. Redissolve the solid ethyllithium in 13.0 mL Et2O.
 

NOTE: Caution: Organolithium reagents are pyrophoric (ignitable on contact with air or water). The desired product (5) is particularly
volatile (MW= 106.96). Therefore, removal of benzene/cyclohexane solvent from ethyllithium reagent is required for effective isolation
of the pure product due to the similar volatility with the desired product.

3. Cool the reaction flask containing 4 to -30 °C with a cooling bath.
4. Add the ethyllithium solution to the reaction flask via cannula transfer at -30 °C. Keep stirring at this temperature for 1 h and allow it to

slowly warm to room temperature.
5. Monitor the reaction by 11B NMR. (The desired intermediate peak appears at ca. 39.8 ppm.)
6. Upon reaction completion, cool the reaction to -30 °C and add 6.62 mL HCl solution (2.0 M in Et2O, 13.2 mmol). Stir the reaction for 1 h

while allowing it to slowly warm to room temperature.
7. Remove the solvent on a vacuum gas manifold equipped with low vacuum (20-25 Torr) to obtain the crude product mixture.
8. In a glove box, isolate the product via silica gel column chromatography, using 2-methylbutane as eluent. Remove the volatile on a

vacuum gas manifold equipped with an attenuated vacuum to obtain the pure product as a colorless liquid.
 

NOTE: The yield is 56%.

2. Protein Preparation and Crystallization of T4 Lysozyme Mutants

1. Protein expression and purification
1. Grow E. coli RR1 cells transformed with the subcloned plasmids (L99A or L99A/M102Q)17, 20 in 200 mL LB (lysogeny broth) media

supplemented with 40.0 mg ampicillin at 37 °C for 12 h.
 

NOTE: The composition of LB media is 12 g tryptone, 5 g yeast extract, 10 g sodium chloride, and 1 g glucose per 1 L H2O.
2. Inoculate 4.00 L LB media (supplemented with 800 mg ampicillin) with 160 mL of the overnight culture and incubate at 37 °C at 240

rpm with a filtered air supply.
3. When the optical density reaches 0.7 at 600 nm, cool the bacterial culture to room temperature by removing it from the incubator.
4. Measure out 695 mg of isopropyl-β-D-1-thiogalactopyranoside (IPTG) (final concentration of 0.7 mM) in a conical centrifugation tube

and add 4 mL LB media to dissolve.
5. Add the IPTG solution to the culture to induce protein expression. Incubate the cultures at 110 rpm for 21 h at 25 °C.
6. Centrifuge the culture at 4,412 x g for 30 min at 4 °C. Discard the supernatant and resuspend the pellet in 300 mL of 0.1 M sodium

phosphate (pH 6.6), 0.2 M NaCl and add 30.0 mL of 0.5 M ethylenediaminetetraacetic acid (EDTA) (pH 8.0). Stir the suspension for 17
h at 4 °C.

7. Add 30.0 mL of 1.0 M MgCl2 and 0.500 mL of deoxyribonuclease I (DNase I) to the suspension and stir at room temperature for 8 h.
8. Centrifuge the lysed cell suspension at 30,913 x g for 30 min at 4 °C. Collect the supernatant containing expressed protein and discard

the pellet.
9. Dialyze the lysate against 20 mM sodium phosphate (pH 6.5 for L99A and pH 6.3 for L99A/M102Q) at 4 °C overnight.
10. Wash and equilibrate 20.0 mL of carboxymethyl ion exchange beads with equilibration buffer (50 mM Tris, 1 mM EDTA (pH 7.3)) in

a column. Load the solution containing protein onto the beads and wash the column with 100 mL of the equilibration buffer. Elute the
column with a 600 mL linear gradient of 300 mM NaCl within the equilibration buffer.

11. Use a low-pressure chromatography system for the column purification. Use a pump rate of 1 mL/min and collect fractions of 10 mL.
Collect the fractions containing pure protein.
 

NOTE: During elution, monitor the optical density (OD) at 280 nm to verify presence of the protein. Determine the purity of each fraction
by SDS-PAGE and collect only the purest fractions.
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Figure 3: Representative results for the protein purification of T4 lysozyme mutant L99A/M102Q. A) Chromatogram showing the
measured UV absorbance in A. U. at 280 nm (blue line) and conductivity in mS/cm (red line). Fractions 20–23 were combined and the purity was
determined by SDS-PAGE. B) 15% SDS-PAGE gel showing the presence of purified protein of fractions 20–23 at 18.6 kDa. Please click here to
view a larger version of this figure.

2. Protein crystallization
1. Transfer the purified protein solution to a dialysis membrane tubing (12,000 to 14,000 MWCO). Place the dialysis tubing into a beaker

containing 4.00 L of 100 mM sodium phosphate, 550 mM NaCl, 0.02% NaN3 (pH 6.5 for L99A and pH 6.3 for L99A/M102). Stir the 4 L
solution overnight at 4 °C.

2. Add 2-mercaptoethanol (final concentration of 5 mM) to the dialyzed sample and concentrate to ~40.0 mg/mL using a centrifugal
concentrator (10,000 MWCO). Determine the protein concentration by measuring absorption at 280 nm. Remove any precipitate by
spinning prior to crystallization.

3. Use the vapor-diffusion hanging-drop method for protein crystallization. Mix 5.00 µL of the concentrated protein solution with 5.00 µL of
the reservoir solution (2.0-2.2 M sodium/potassium phosphate, pH 6.7-7.1, 50 mM 2-mercaptoethanol, 50 mM 2-hydroxyethyl disulfide)
on a siliconized glass cover slide.

4. Equilibrate the mixture drop against 1.00 mL of the reservoir solution by placing the cover slide upside down on top of the each well
containing reservoir solution. Use grease to tightly seal each well with the slide. Set up various conditions using a 24-well plate with
reservoir solution mentioned in 2.2.3. Store the plate at 4 °C for crystal growth.
 

NOTE: Crystals normally grow within 1-2 weeks in the equilibrated buffer on the cover slide. Immediate precipitation during mixing
protein solution with the reservoir solution in step 2.2.3 indicates failure of crystallization.

 

Figure 4: Representative picture of crystals of T4 lysozyme mutant L99A prior to complexation with ligands. Crystals are in the mother
liquor (2.1 M sodium/potassium phosphate, pH 6.9, 50 mM 2-mercaptoethanol, 50 mM 2-hydroxyethyl disulfide). Please click here to view a
larger version of this figure.

3. Complex preparation
1. Pick the crystals using a cryogenic tubing shaped into a loop (see Materials List) and place them in a 0.6 mL microcentrifuge tube. Add

50.0 µL of mother liquor to the tube to avoid dryness and preserve the crystals.
 

NOTE: Single crystal selection is aided by using a microscope.
2. Transfer the tube containing crystals into a glove box. Take 5.00 µL of the azaborine ligand (5) and place inside of the snap-cap of the

tube. Cap and store the tube in a refrigerator (4 °C) inside the glove box for 2-7 days for equilibration by vapor diffusion.
 

NOTE: The physical properties (high volatility and solubility in aqueous solution) of the azaborine ligand (5) enables the complexation
with the preformed protein crystals via vapor diffusion method.

3. Transfer the crystals using a cryogenic tubing shaped into a loop to a glass slide containing a droplet of N-paratone prior to flash-
freezing in liquid nitrogen. Pick the crystal protected with N-paratone and rapidly flash-freeze by plunging the crystal on loop into a
dewar containing liquid nitrogen. Mount the crystal on loop by using a cryogenic tong.
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4. Collect data sets of a single crystal using synchrotron radiation. Perform molecular replacement using published structures20,24; verify
the existence of ligand inside the protein binding site by an un-modeled blob of electron density.

 

Figure 5: Atomic models of T4 lysozyme mutant L99A binding pocket with electron density. A) L99A cavity with an un-modeled electron
density blob in the binding site. B) L99A cavity with the modeled azaborine ligand 5 in two alternative conformers. Please click here to view a
larger version of this figure.

Representative Results

The schematic synthetic route for 1,2-azaborines is shown in Figure 1. This protocol applies to the synthesis of five different boron-nitrogen
containing molecules. Figure 2 represents 11B NMR spectra measured during the course of step 1.3 to monitor the formation of the desired
product (3). Protein purification was performed by using low-pressure chromatography system and a representative chromatogram is shown in
Figure 3. The purity of the collected fractions was determined by SDS-PAGE. Crystals of T4 lysozyme mutant L99A are depicted in Figure 4.
Figure 5 shows the L99A binding pocket with un-modeled electron density and the binding cavity after refinement with the ligand 5 bound.

Discussion

In the first part of this protocol, we described a modified synthesis of 1,2-azaborines based on previously reported methods12, 13. Triallylborane22

was used as a substitute for the routes using allyltriphenyl tin or potassium allyltrifluoroborate to prepare N-allyl-N-TBS-B-allyl chloride adduct
(1). This method allows for a more atom-economical and environmentally friendly approach. For the synthesis of N-TBS-B-Cl-1,2-azaborine (3),
a one-pot, two-step sequence (ring closing metathesis followed by oxidation) was employed, which resulted in higher isolated yield than the
previous method involving isolation of the intermediate (2) (52% vs. 29% over two steps). (However, depending on the purity of the adduct (1),
isolation of the ring-closed product before oxidation step might be necessary using vacuum distillation. In this case, using dichloromethane as
solvent in place of toluene reduces time for removal of volatiles prior to distillation.) Monitoring 11B NMR (Figure 2) during the oxidation step also
benefits in reduction in the total amounts of Pd/C used in this reaction (7 mol% vs 15 mol%).

Synthesis of N-H-B-ethyl-1,2-azaborine (5) was accomplished in two steps from 4 using ethyllithium in place of the previously reported multistep
sequence16 that required use of a chromium complex. The isolation required precise temperature control and attenuated-vacuum manipulation
due to the volatility of the product. The techniques presented in this protocol can be also applied to purification of other volatile compounds.

In the second part, we demonstrated protein purification and crystal complexation of T4 lysozyme mutants L99A and L99A/M102Q. A standard
protein expression in E. coli RR1 strain and induction using IPTG, followed by chemical cell lysis afforded isolation of the desired protein. It is
advised to run SDS-PAGE after protein expression and cell lysis to confirm the success of each step or identify the failed process. For the L99A
T4 lysozyme, the expressed protein can be found in both the supernatant and pellet due to its activity to lyse bacterial cells. In this case, protein
in the supernatant can be dialyzed against 20 mM sodium phosphate buffer and combined with lysate from cell lysis for column purification.
Induction conditions can be adjusted to higher temperature and shorter time (from 21 h at 25 °C to 2-3 h at 37 °C). Cell lysis can be also
performed by using sonication with an ice bath to prevent overheating. Carboxymethyl ion exchange column with a 300 mM NaCl linear gradient
was used for protein purification. Only >95% pure (based on SDS-PAGE) protein fractions were collected and used in protein crystallization.

Prior to concentrating the protein solution, addition of 2-mercaptoethanol (final concentration of 5 mM) (step 2.2.2) to the dialyzed protein was
necessary to prevent its spontaneous precipitation, especially for L99A/M102Q protein which tends to precipitate readily at high concentration.
As protein complexation with 5 required an air-free atmosphere, the protein-ligand complex was prepared in a glove box. The materials prepared
in this protocol were used in binding studies of 1,2-azaborines in a biological model system: cavity-bearingT4 lysozyme mutants.
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