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PREPARATION OF CHIRAL AND ACHIRAL TRIAZOLIUM
SALTS: CARBENE PRECURSORS WITH DEMONSTRATED
SYNTHETIC UTILITY
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1. Procedure

A. 4,4a,9,9a-Tetrahydro-1-oxa-4-aza-fluoren-3-one (1). A 2.0 L,
single-necked, round-bottomed flask fitted with a magnetic stir bar (1 % inch
x 5/8 inch egg shaped), and a rubber septum with a needle inlet is flame
dried and then cooled under an argon atmosphere. The septum is removed
and the flask is charged with sodium hydride (3.48 g, 60% in mineral oil,

87.15 mmol, 1.3 equiv) (Note 1) via a powder funnel, followed by n-pentane
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(300 mL) (Note 2). The septum is then replaced and the heterogeneous
mixture is subjected to an argon atmosphere by means of a needle in the
septum followed by agitation for 20 min. Agitation is stopped and the
sodium hydride is allowed to settle out of solution for 30 min. n-Pentane is
removed via cannula by increasing the positive pressure of argon in the
flask. Residual mineral oil present in sodium hydride is removed by washing
with an additional 100 mL of pentane as above. The combined pentane
solutions containing residual sodium hydride are quenched with isopropanol
(Note 3). The septum is briefly removed to add anhydrous tetrahydrofuran
(1.0 L) (Note 4) by means of an addition funnel followed by replacement of
the septum and refilling the reaction flask with argon. The reaction flask is
placed in a —10 °C ice-brine bath (Note 5) with agitation and allowed to cool
for 30 min. The septum is then replaced with a powder funnel and (1R,2S5)-(-
)-cis-1-amino-2-indanol (5 g, 33.52 mmol) (Note 6) is added followed by
refilling of the reaction flask with argon. Within 10 min, the reaction
mixture turns heterogeneous and the color changes to light purple. The
septum is then replaced with a powder funnel and a further batch of (1R,2S5)-
(-)-cis-1-amino-2-indanol (5 g, 33.52 mmol) (Note 6) is added followed by
refilling of the reaction flask with argon. The flask is then fitted with a reflux
condenser and the stirred reaction mixture is heated in a 70 °C oil bath for
40 min under an argon atmosphere. The solution is then placed into a—10 °C
ice-brine bath and allowed to cool for 1 h while stirring. Ethyl chloroacetate
(8.38 g, 7.32 mL, 68.37 mmol, 1.02 equiv) (Note 7) is added via syringe
over 5 min. The reaction flask is removed from the ice-brine bath and the
mixture is stirred for 30 min at room temperature. The solution is then
placed in an oil bath heated to 70 °C and stirred for 1 h under argon. After
cooling to room temperature, brine (30 mL) is slowly added to the reaction
flask to quench the reaction, and then THF is removed under reduced
pressure using a rotary evaporator. The homogeneous deep purple reaction
mixture is then poured into a 2.0-L separatory funnel and brine (200 mL) is
added. The reaction mixture is extracted using ethyl acetate (2 x 200 mL)
(Note 8). The combined organic layers are then dried using anhydrous
MgSO, (50 g) (Note 9) followed by vacuum filtration through a coarse
fritted funnel. The resultant purple solution is transferred into a 1.0-L round-
bottomed flask in approx. 500 mL portions and concentrated in vacuo to
dryness. To the 1.0-L round bottomed flask containing the crude light brown
solid is added a stir bar and hexanes (300 mL) (Note 10). The sides of the
round-bottomed flask are scraped with a metal spatula to ensure that all of
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the crude solid material rests at the bottom of the flask. The flask is fitted
with a reflux condenser left open to the atmosphere and the heterogeneous
mixture is stirred vigorously in an oil bath heated to 70 °C for a period of
2 h. After cooling to room temperature, vacuum filtration affords an off-
white solid which is transferred into a 100-mL round-bottomed flask by
means of a powder funnel and dried under vacuum (2 mmHg) in an oil bath
heated to 70 °C for 1 h, affording 10.21-10.95 g (80-86%) of 1 (Note 11).

B. 2-Pentafluorophenyl-6, 10b-dihydro-4H,5aH-5-0xa-3, 1 Oc-diaza-2-
azonia-cyclopenta/c]fluorene, tetrafluoroborate (2). To a flame-dried 1.0-L
single-necked, round-bottomed flask with magnetic stir bar (1 % inch x
5/8 inch egg shaped) is added morpholinone 1 (10.00 g, 52.85 mmol,
1.0 equiv) by means of a powder funnel. The flask is then evacuated and
back-filled with argon. Methylene chloride (300 mL) (Note 12) and
trimethyloxonium tetrafluoroborate (7.82 g, 52.85 mmol, 1.0 equiv) (Note
13) are then added via powder funnel and the flask is fitted with a septum
and a needle connected to an argon line. The heterogeneous mixture is
stirred at room temperature until the reaction is homogeneous (Note 14).
Pentafluorophenylhydrazine (10.47 g, 52.85 mmol, 1.0 equiv) (Note 15) is
added in a single portion by means of a powder funnel followed by
replacement of the powder funnel with a septum and a needle connected to
an argon line, and then the reaction mixture is stirred for 4 h (Note 16). The
magnetic stir bar (Note 17) is removed followed by removal of the solvent in
vacuo. The 1.0-L flask is then placed in an oil bath heated to 100 °C for 1 h
under vacuum (2 mm Hg). A magnetic stir bar, chlorobenzene (300 mL)
(Note 18) and triethyl orthoformate (19.58 g, 21.97 mL, 132.13 mmol,
2.5 equiv) (Note 19) are then added using a syringe, and the flask is fitted
with a reflux condenser, placed in an oil bath heated to 130 °C and stirred
for 24 h open to the atmosphere. Triethyl orthoformate (19.58 g, 21.97 mL,
132.13 mmol, 2.5 equiv) (Note 18) is then added via syringe followed by
continued agitation for 24 h. A third portion of triethyl orthoformate
(19.58 g, 21.97 mL, 132.13 mmol, 2.5 equiv) (Note 19) is added via syringe
followed by continued agitation for 24 h. After removal of the reaction flask
from the o1l bath and cooling to room temperature, the solution is added to a
1.0-L round-bottomed flask containing toluene (300 mL) (Note 20) that is
agitated with a magnetic stir bar. The reaction flask is then rinsed with
toluene (50 mL) (Note 20) followed by addition of the heterogeneous
mixture to the 1-L flask containing the crude product. The slurry is stirred
for 10 min followed by vacuum filtration. The filtrate is rinsed with toluene
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(200 mL) (Note 20) and hexane (200 mL) (Note 10). The solid is then
transferred to a 125-mL Erlenmeyer flask containing a stir bar by means of a
powder funnel, triturated with ethyl acetate (20 mL) (Note 8) and methanol
(5 mL) (Note 21) and stirred vigorously for 30 min. The slurry is then
filtered through a medium frit funnel and the filter cake is washed with cold
ethyl acetate (15 mL) (Note 8) via a glass pipette to yield 2 as an off-white
solid. The off-white solid is transferred to a 100-mL round-bottomed flask
by means of a powder funnel, placed in an oil bath heated to 100 °C and
subjected to vacuum (2 mmHg) for 1 h, affording 15.06-15.79 g (61-64%)
of 2 (Note 22).

C. 2-Pentafluorophenyl-6,7-dihydro-5H-pyrrolo[2,1-c][1,2,4]triazol-
2-ium;, tetrafluoroborate (3). Into a flame-dried 1.0-L flask equipped with a
magnetic stir bar is added 2-pyrrolidinone (5.00 g, 58.75 mmol, 1.0 equiv)
(Note 23). The flask is then evacuated and back-filled with argon. Methylene
chloride (300 mL) (Note 12) and trimethyloxonium tetrafluoroborate
(8.69 g, 58.75 mmol, 1.0 equiv) (Note 13) are added by means of a powder
funnel and the flask is then fitted with a septum and a needle connected to an
argon line. The heterogeneous mixture is stirred at room temperature until
the solution is homogeneous (Note 14). Pentafluorophenylhydrazine
(11.64 g, 58.75 mmol, 1.0 equiv) (Note 15) is added in a single portion by
means of a powder funnel followed by replacement of the powder funnel
with a septum and a needle connected to an argon line. The reaction mixture
is stirred for 4 h (Note 16). The magnetic stir bar is removed (Note 17)
followed by removal of the solvent in vacuo. The 1.0-L flask is then placed
in an oil bath heated to 100 °C for 1 h under vacuum (2 mmHg). A magnetic
stirring bar, chlorobenzene (300 mL) (Note 18) and triethyl orthoformate
(17.41 g, 19.54 mL, 117.5 mmol, 2.0 equiv) (Note 19) are then added via
syringe and the flask is fitted with a reflux condenser, placed in an oil bath
heated to 130 °C and stirred for 24 h open to the atmosphere. Triethyl
orthoformate (17.41 g, 19.54 mL, 117.5 mmol, 2.0 equiv) (Note 19) is then
added via syringe followed by continued agitation for 24 h. After removal of
the reaction vessel from the oil bath and cooling to room temperature, the
reaction mixture is added to a 1.0-L round-bottomed flask containing toluene
(300 mL) (Note 20) that is agitated with a magnetic stir bar for 1 h. The
reaction flask is then rinsed with toluene (50 mL) (Note 20) followed by
addition of the heterogeneous mixture to the 1-L round-bottomed flask
containing the crude product. The slurry is stirred for 10 min followed by
vacuum filtration. The filtrate is rinsed with toluene (200 mL) (Note 20) and
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hexanes (200 mL) (Note 10). The crude brown solid is then transferred to a
125-mL Erlenmeyer flask containing a magnetic stir bar by means of a
powder funnel. The solid is triturated with ethyl acetate (20 mL) (Note &)
and methanol (3 mL) (Note 20) and stirred vigorously for 30 min. The
heterogeneous mixture is then filtered through a medium fritted funnel under
vacuum (120 mmHg). The filter cake is then washed with cold ethyl acetate
(15 mL) via a glass pipette to yield 3 (15.91-16.13 g) as an off-white
powder. The off-white solid is transferred to a 100-mL round-bottomed flask
by means of a powder funnel, placed in an oil bath heated to 100 °C and
subjected to vacuum (2 mmHg) for 1 h, affording 15.91-16.13 g (74-76%)
of 3 (Note 24).

2. Notes

l.  Sodium hydride (60% dispersion in mineral oil) was purchased
from Aldrich. It was determined that removal of the mineral oil in the
reaction resulted in higher yields of the desired product.

2. Pentane (99.0%) was purchased from Fisher Scientific and used as
received.

3. Isopropanol was purchased from Aldrich Chemical Co., and used
without further purification.

4. THF (HPLC grade, H,O = 0.003%) was purchased from Fisher
Scientific Company and purified by pressure filtration under argon through
activated alumina. The checkers found that the reaction gave similar results
with freshly distilled THF over sodium benzophenone ketyl.

5. It was observed that cooling the reaction with an ice-brine bath
resulted in an increase in chemoselectivity for the N-acylation product to
give a higher yield of the desired regioisomer. It is crucial to maintain the
reaction temperature between —10 °C and —15 °C in order to obtain a single
regioisomer of the product. The checkers monitored the internal temperature
of the reaction mixture using a digital thermometer.

6. (1R,25)-(+)-cis-1-Amino-2-indanol (99%) was purchased from
Aldrich, and used without further purification.

7.  Ethyl chloroacetate (99%) was purchased from Aldrich and used
without further purification.

8. Ethyl acetate (99.9%) was purchased from Fischer Scientific and
used without further purification.

354



9. Anhydrous magnesium sulfate was purchased from Fischer
Scientific.

10. Hexanes (HPLC grade, H,O = 0.0005%) was purchased from
Aldrich and used as received.

11. The spectral data for 4,4a,9,9a-tetrahydro-1-oxa-4-aza-fluoren-3-
one (1) are as follows: R, = 0.18 (EtOAc); Mp 180-183 °C (dec.); [a] b -
17.3 (¢ 1.08, MeOH); IR (neat) 3179, 3050, 2910, 1681, 1646, 1484, 1417
cm’; 'H NMR (400 MHz, acetone-dg) 8: 2.97 (d, J = 16.8 Hz, 1 H), 3.23
(dd, J=16.6,4.9 Hz, 1 H), 3.89 (d, /= 16.2 Hz, 1 H), 4.05 (d, J = 16.2 Hz,
1 H), 4.57 (t, J=4.6 Hz, 1 H), 4.82 (t,J= 4.0 Hz, 1 H), 7.23-7.29 (m, 3 H),
7.46-7.49 (m, 1 H), 8.21 (br s, 1 H); °C NMR (101 MHz, acetone-dg) &:
38.2, 594, 67.1, 77.1, 124.7, 125.7, 127.6, 128.4, 140.8, 143.1, 168.5;
HRMS (APCI+) m/z calcd. for C;1H,NO, (M+) 190.0863; found 190.0862;
Anal. calcd. for C;;H;;NO,: C, 69.83; H, 5.86; N, 7.40; found: C, 69.68; H,
5.83; N, 7.33.

12. Methylene chloride (99.9%) was purchased from Fischer Scientific
and purified by pressure filtration under argon through activated alumina. A
Karl-Fisher Titrator was used to determine the water content in methylene
chloride (<20 ppm/mL).

13. Trimethyloxonium tetrafluoroborate (95%) was purchased from
Aldrich Chemical Co. The bottles were stored in the refrigerator at —15 °C
and a freshly opened bottle was used for each reaction. Direct contact of
with skin trimethyloxonium tetrafluoroborate must be avoided because of its
caustic nature and alkylating properties. It is absolutely critical to add only
one equivalent of trimethyloxonium tetrafluoroborate. Excess of this reagent
will result in lower yields and the product may not precipitate out. The
checker also found that it is essential to add trimethyloxonium
tetrafluoroborate under an argon atmosphere because of its highly
hygroscopic nature.

14. Upon complete dissolution of the trimethyloxonium
tetrafluoroborate an aliquot is removed from the reaction vessel and
concentrated in vacuo. The oil is then dissolved in acetone-ds and 'H NMR
is used to verify the consumption of morpholinone. It usually takes 1-2 h for
the reaction mixture to turn completely homogenous.

15. Pentafluorophenylhydrazine (97%) was purchased from Aldrich
Chemical Co. and used without further purification.

16. Disappearance of activated amidate (typically ~4 h) could also be
observed by measuring the 'H NMR of an aliquot.
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17. The magnetic stir bar was removed, because otherwise it will stick
firmly to the bottom of the flask and will not stir during the next sequence of
the procedure.

18. Chlorobenzene (99%) was purchased from Aldrich Chemical Co.
and used without further purification.

19. Triethylorthoformate (98%) was purchased from Acros Organics,
and used without further purification.

20. Toluene (99.9%) reagent grade was purchased from Fisher
Scientific and used without further purification.

21. Methanol (99.9%) was purchased from Fischer Scientific and used
without further purification.

22. The spectral data for 2-pentafluorophenyl-6,10b-dihydro-4H,5aH-
5-oxa-3,10c-diaza-2-azoniacyclopenta[c]fluorine, tetrafluoroborate (2) are as
follows: R, = 0.22 (3:1; CH,Cl,:acetone); Mp 223-226 °C; [a]p™ -130.80 (c
1.28, MeCN); IR(neat) 3147, 3106, 3028, 2967, 1595, 1530, 1517, 1487,
1461, 1056, 1046, 998 cm™; "H NMR (400 MHz, acetone-dg) &: 3.28 (d, J =
17.2 Hz, 1 H), 3.55 (dd, J = 17.1, 4.9 Hz, 1 H), 5.19 (t, J = 4.5 Hz, 1 H),
525(d,J=16.4Hz 1 H), 539 (d, /=164 Hz, 1 H), 6.33 (d, J = 4.0 Hz,
1 H), 7.34 (t, J=7.3 Hz, 1 H), 7.43 (q, J=7.4 Hz, 2 H), 7.63 (d, J= 7.6 Hz,
1 H), 11.09 (brs, 1 H); °C NMR (101 MHz, acetone-de) &: 37.9, 60.8, 63.5,
78.2, 125.2, 126.4, 128.1, 130.4, 136.2, 141.7, 147.1, 152.5; HRMS
(APCI+) m/z caled. for CigH;;N;OF; (M+) 380.0817; found 380.0816; Anal.
calcd. for C;gH1BFoN;O: C, 46.28; H, 2.37; N, 9.00; found: C, 45.95; H,
2.23; N, 9.03. Based on the observed analytical results we propose the salt to
be between anhydrous and a half-hydrate. Anal. caled. for
CisH;;BFgN;O°1/2H,0: C, 45.41; H, 2.54; N, 8.83. The checker’s efforts to
get an elemental analysis of an anhydrous sample were unsuccessful.

23. 2-Pyrrolidinone (> 99%) was purchased from Aldrich Chemical
Co, and used without further purification.

24. The spectral data for 2-pentafluorophenyl-6,7-dihydro-5H-
pyrrolo[2,1-c][1,2,4]triazol-2-1um; tetrafluoroborate (3) are as follows: Ry =
0.13 (3:1; CH,Cl:acetone); Mp 242-245 °C; IR (neat) 3145, 3097, 2983,
1655, 1604, 1524, 1499, 1028, 994, 875 cm™'; 'H NMR (400 MHz, acetone-
de) 0: 3.00 (ddd, J=15.0, 7.7, 7.7 Hz, 2 H), 3.42 (t,J = 8.0 Hz, 2 H), 4.76 (t,
J=8.0 Hz, 2 H), 10.19 (s, 1 H); ’C NMR (101 MHz, acetone-ds) &: 22.6,
27.6, 49.5, 137.8, 140.4, 142.9, 143.3, 144.5, 145.6, 145.8, 165.8; HRMS
(APCI+) m/z caled. for C;;H,N3Fs (M") 276.0555; found 276.0556; Anal.
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calcd. for C;;H/BF¢Ns: C, 36.40; H, 1.94; N, 11.58; found: C, 36.45; H,
1.76; N, 11.54.

Safety and Waste Disposal Information

All hazardous materials should be handled and disposed of in
accordance with “Prudent Practices in the Laboratory”; National Academy
Press; Washington, DC, 1998.

3. Discussion

In recent years, N-heterocyclic carbenes have attracted significant
attention as catalysts in facilitating umpolung reactivity.” Ukai’s utilization
of a thiazolium salt as a carbene precursor in the benzoin reaction’ and
Breslow’s elucidation of the mechanism® of this reaction displayed the
potential use of these nucleophilic carbene precatalysts. These early reports
led to the subsequent development of carbene precatalysts to facilitate a
multitude of Umpolung reactions. In 1996, Enders and coworkers
demonstrated the asymmetric benzoin reaction with a triazolium salt as the
carbene precursor in moderate yield and enantioselectivity.’ Bicyclic
triazolium carbene precursors were next studied to see if greater asymmetric
induction could be obtained in various Umpolung reactions.

The aminoindanol-derived carbene scaffold introduced by us in 2002
has proven to be one of the most general for these carbene precursors.’ In
subsequent work, we noted that the electronic nature of the N-aryl
substituent has a profound effect on reactivity and control of
enantioselectivity in the Stetter reaction. This led to the development of
triazolium precatalyst 2. Application of triazolium 2 in the asymmetric
Stetter reaction generates quaternary stereocenters in high enantiomeric
excess and very good chemical yields.” The umpolung reactivity with
triazolium precatalyst 2 can also be extended towards the desymmetrization
of cyclohexadienones to yield hydrobenzofuranones in excellent
enantioselectivities and chemical yields.® Extension of this work to
vinylphosphine oxides and vinylphosphonates as the Michael acceptor can
be achieved to generate keto phosphonates and keto phospine oxides in
excellent enantioselectivities and yields.” The application of precatalyst 2
towards the rapid assembly of the tetracyclic core of natural product FD-
838 was accomplished.'’ The asymmetric synthesis of a-chloro esters via an
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acyl anion redox reaction was also accomplished with precatalyst 2 to yield
the respective enantioenriched aryl esters.''
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Appendix
Chemical Abstracts Nomenclature; (Registry Number)

4,4a,9,9a-Tetrahydro-1-oxa-4-azafluoren-3-one: Indeno[2,1-b]-1,4-oxazin-
3(2H)-one, 4,4a,9,9a-tetrahydro-, (4aR,9aS)-; (862095-79-2)

(1R, 25)-(+)-cis-1-Amino-2-indanol; (136030-00-7)

Ethyl chloroacetate; (105-39-5)

2-Pentafluorophenyl-6,10b-dihydro-4H,5aH-5-oxa-3,10c-diaza-2-
azoniacyclopenta|[c]fluorene; tetrafluoroborate; (740816-14-2)

Trimethyloxonium tetrafluoroborate; (420-37-1)

Pentafluorophenylhydrazine; (828-73-9)
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Triethyl orthoformate: Ethane, 1,1',1"-[methylidynetris(oxy)]tris-; (122-51-
0)

2-Pentafluorophenyl-6,7-dihydro-5H-pyrrolo[2,1-c][1,2,4]triazol-2-ium;
tetrafluoroborate; (862095-91-8)

2-Pyrrolidinone; (616-45-5)
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