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Submitted by Yasuhiro Uozumi, Motoi Kawatsura, and Tamio Hayashi.!

Checked by Sarge Salman and Louis S. Hegedus.
1. Procedure

Caution! All reactions should be conducted in a well-ventilated hood.

A. (R)-2,2"-Bistrifluoromethanesulfonyloxy)-1, 1-binaphthyl {2). A dry, 200-mL,
two-necked, round-bottomed flask is fitted with a magnetic stirring bar and a 30-mL
pressure-equalizing addition funnel, and flushed with nitrogen gas. The flask is
charged with 14.3 g (50.0 mmol) of (R)-(+)}-1,1'-bi-2-naphthol (1) (Note 1), 12.0 mL
{148 mmol) of pyridine (Note 2), and 100 mL of dichloromethane (Note 3), and the
entire mixture is cooled to 0°C with an ice-water bath. Trifluoromethanesulfonic
anhydride, (20.0 mL, 33.5 g, 119 mmol) (Note 2) is added dropwise over a period of 10
min to the stirred solution. After the mixture is stirred at 0°C for 6 hr, the reaction
mixture is concentrated on a rotary evaporator. The residual brown oil is diluted with
200 mL of ethyl acetate and transferred to a 500-mL separatory funnel. The organic
phase is washed with 5% hydrochloric acid (70 rmL), saturated sodium bicarbonate (70
mL), and saturated sodium chloride (70 mL). The organic phase is dried over
anhydrous sodium sulfate, and concentrated lunder reduced pressure on a rotary
evaporator. The residue is chromatographed (10 x 20 cm column) on silica gel (700 g)
(Note 4). The column is eluted with dichloromethane and the fractions are analyzed
by TLC on silica gel (Note 5) using 30% dichloromethane-hexane as eluant. Fractions
containing the product are combined and the solvent is evaporated on a rotary
evaporator to give 26.3 g (96%) of 2 as a white powder (Note 6).

B. (R)-(+)-2-Diphenyiphosphinyl-2'-trifluoromethanesulfonyloxy-1,1'-binaphthyi
(3). A dry, 500-ml., Schienk tube is fitted with a magnetic stirring bar and a rubbe!
septum, and flushed with nitrogen gas. The flask is charged with 25.0 g (45.4 mmol) o

(H)-2,2‘-bis(1rifluoromethanesulfonyloxy)—1,1'-binaphthyl (2), 18.4 g (91.0 mmol) of
diphenylphosphine oxide (Note 7), 1.02 g (4.54 mmol) of palladium acetate (Note 8},
1.94 g (4.55 mmol) of 1,4-bis(diphenylphosphino)butane (dppb) (Note 9), 23.4 g of
diisopropylethylamine (181 mmol) (Note 10) and 200 mL of dimethyl sulfoxide (Note
11), and the entire mixture is heated with stirring at 100°C for 12 hr {Note 12). After the
reaction mixture is cooled to room temperature, it is concentrated under reduced
pressure (0.1-0.2 mm) on a rotary evaporator. The dark brown residue is diluted with
400 mL of ethyl acetate and transferred to a 1-L separatory funnel. The organic phase
is washed successively with water (two 100-mL portions), 5% hydrochloric acid (100
mL), saturated sodium bicarbonate (100 mL), and saturated sodium chloride (100 mL),
and the organic phase is dried over anhydrous sodium sulfate. After filtration the
organic phase is concentrated under reduced pressure on a rotary evaporator, and the
residue is chromatographed (14 x 30-cm column) on silica gel (ca. 1.5 kg) (Note 4).
The column is eluted with 50% ethy! acetate-hexane and the fractions are analyzed by
TLC on silica gel (Note 5) using the same eluant. Fractions containing the product are
combined and the solvant is evaporated on a rotary evaporator to give 23.8 g (87%) of
3 as a white powder (Notes 13, 14).

C. (R)-(-)-2-Diphenyiphosphinyl-2"-hydroxy-1,1'-binaphthy! (4). A 100-mL
round-bottomed flask containing a magnetic stirring bar is charged with 6.07 g (10.1
mmol) of (R)-(+)-2-diphenylphosphinyl-2-trifluaromethanesulfonyloxy-1,1'-binaphthyl
(3), 30 mL of 1,4-dioxane, and 14 mL of methanol. (Note 15) To the solution is added
14.1 mL of 3 N aqueous sodium hydroxide (NaOH) solution at ambient temperature.
The reaction mixture is stirred for 12 hr then acidified (to pH 1) by the addition of a few
drops of concd hydrochloric acid. The mixture is transferred to a separatory funnel and
extracted twice with ethyl acetate (EtOAc). The organic phase is dried over

magnesium sulfate (MgSQy), filtered, and concentrated under reduced pressure to



afford 6.19 g of 4 as a solid. (Note 16). This crude material is carried on to the next
step without purification, assuming 100% yield.

D. (R)-(+)-2-Diphenylphosphinyl-2'-methoxy-1,1"-binaphthy! (5). A 250-mL
roungd-bottomed flask is charged with crude 4, 5.55 g (40.2 mmol) of potassium
carbonate (K2CO3), and 66 mL of acetone. To this mixture is added 2.5 mL (40.2
mmol) of methyl iodide (Mel) (Note 17). The reaction mixture is refluxed for 3 hr. After
the reaction is cooled to room temperature it is filtered through a Celite pad (Note 18),
and the filter cake is washed with diethyl ether (EtoO). The filtrate is concentrated
under reduced pressure to give 6.88 g of 5 as a brown powder (Note 19). This crude
material is carried on to the next step without purification, assuming 100% yield.

E. (R)-(+)-2-Diphenylphosphino-2’-methoxy-1,1"-binaphthy! (6). A 250-mL
round-bottomed flask containing a magnetic stirring bar is charged with crude 5, 7 mL
(50 mmol) of triethylamine (EtsN) (Note 20), and 84 mL of toluene. (Note 21). The
mixture is cooled to 0°C then 4 mL (40 mmol) of trichlorosilane (Cl3SiH) (Note 22) is
added via syringe. The reaction is heated to 120°C and stirred for 5 hr. Upon cooling
to ambient temperature the reaction is diluted with Et20 and quenched with aqueous
saturated sodium bicarbonate. The resulting suspension is filtered through a Celite
pad, and the filter cake is washed with EtzO. The organic phase is dried over MgSO4
then concentrated under reduced pressure to §ff0rd 4.94 g of a yellow solid. This
crude material is dissolved in a minimal amount of dichloromethane (CH2Clp) and
chromatographed on a 10 x 30-cm column containing 615 g of silica gel (SiOg). The
column is eluted with Etz0 to afford 4.08 g (8.71 mmol, 86% yield over last 3 steps) of

6 as an off-white powder (Note 23).

2. Notes

1. (R}-(+)-1,1-Bi-2-naphthol (>99% op) was purchased from Aldrich Chemical
Company, Inc., and used without further purification.

2. Pyridine and trifluoromethanesulfonic anhydride were purchased from
Aldrich Chemical Company, Inc., and used without further purification.

3. Dichloromethane was purchased from Fisher Scientific, and distilled from
calcium hydride before use.

4. Silica gel 60 230-400 mesh ASTM was used.

5. Merck silica gel 60F-254 plates were used.
6. Specific rotation value of 2: [(1]52 -143.5° (CHCl3, ¢ 1.24) [literature rotation

for (S)-2;2 [a]3° +142° (CHCl3, ¢ 1.085)]; '"H NMR &: 7.27 (d, 2 H, J =8.7), 7.41 (t, 2 H,
J=78),7.58(t 2H,J=7.8),7.62(d,2H, J=96),800(d,2H,J=83),813(d, 2H,J
= 9.2). If the material does not solidify, addition of equal amounts of diethyl ether and
hexane, followed by reevaporation, should produce solid material.

7. Diphenylphosphine oxide is commercially available from Aldrich Chemical
Company, Inc., and was recrystallized from 1:1 hexanes/ethyl acetate prior to use. The
submitters have prepared and used this reagent. Preparation of diphenylphosphine
oxide: To a solution of diethyl phosphite (65.0 mL, 505 mmol) in 2560 mL of
tetrahydrofuran (THF) is added sodium metal (11.5 g, 500 mg-atom) and the mixture is
stirred under reflux for 20 hr. The resulting solution is added to 1.9 M solution
{THF/Et20 = 1/2) of phenylmagnesium bromide (580 mL, 1.10 mol) at 0°C and the
mixture is refluxed for 6 hr. After the mixture is quenched with a small amount of water,
it is diluted with ethyl acetate and washed once with 5% hydrochlori¢c acid (HCI) and
twice with water. The organic phase is dried over anhydrous sodium sulfate and

concentrated under reduced pressure to give crude diphenylphosphine oxide. The



crude solid is purified by silica gel column chromatography (eluant: ethy! acetate) to
give diphenylphosphine oxide (77.0 g, 75%).

8. Palladium acetate was purchased from Aldrich Chemical Company, Inc.,
and purified as follows: Palladium acetate is dissolved in hot benzene and filtered
from insoluble material. After removal of the solvent, the residue is triturated with a
small amount of diethyl ether to give brown powder that is collected by filtration,
washed with diethyl ether and dried.

9. 1,4-Bis(diphenyiphosphino)butane was purchased from Aldrich Chemical
Company, Inc., and used without further purification.

10. Diisopropylethylamine was purchased from Aldrich Chemical Company,
Inc., and used without further purification.

11. Dimethyl sulfoxide was purchased from Aldrich Chemical Company, Inc.,
and distilled from calcium hydride before use.

12. The use of 5 mol % of the catalyst [Pd{OAc)o-dppb] also gave a high yield of
3, but the submitters recommend the use of 10 mol % of the catalyst to ensure high

chemical yield in the 12-hr reaction.
13. The physical properties of 3 are as follows: [a]3C +44.4° (CHCla, ¢ 1.20),

[@]32 +7.4° (CHClp, ¢ 1.40) [literature rotation for (R)-3;3 [o]p +6.29° (CHzCla, ¢ 1.00)};
IR (KBr) cm-1 v: 1410, 1205, 1140, and 945; ;‘1H NMR 3: 6.9-8.1 (m, 22 H, aromatic);
31P NMR §: 28.9 (s); EIMS m/z 603 (M+1), 454, 201 (base peak). Anal. Calcd for
C33H2oF304PS: C, 65.78; H, 3.68. Found: C, 65.67; H, 3.89.

14. Assignment of all peaks in the 13C NMR is difficult because of 13C-31p
coupling and the overlapping of peaks.

15. Methanol and 1,4-dioxane were purchased from Aldrich Chemical
Company, Inc., and used without further purification.

16. An analytically pure sample is isolated by column chromatog'raphy on silica

gel (see Note 4). The column is eluted with 50% ethyl acetate-hexane and the

fractions are analyzed by TLC on silica gel (Note 5) using the same eluent. Fractions
containing the product are combined and the solvent is evaporated on a rotary
evaporator 1o give 4 as a white powder. The physical properties of 4 are as follows
(see Note 14): [a]5’ -105° (CHClg, ¢ 0.55), [0]2” -113° (CHClg, ¢ 1.00) [literature
rotation for (R)-4;3 [o]p -108.3° (CH2Clp, ¢ 1.00)]; TH NMR 3: 6.35-8.10 (m, 22 H), 9.01
(br s, 1 H); 3P NMR 8: 31.42 (s); EIMS m/z 470 (M*), 268 (base peak); HRMS calcd
for CapHa3PO» 470.1436, found 470. 1415. Anal. Caled for C3oHa30sP: C, 81.69; H,
4.93. Found: C, 81.66; H, 4.96.

17. Methyl iodide, potassium carbonate, and acetone were purchased from
Aldrich Chemical Company, Inc., and used without further purification.

18. Celite 535 (45 gals/sq.ft’/hour), purchased from J.T. Baker, was used.

19. An analytically pure sample is isolated by column chromatography on silica
gel (see Note 4). The column is eluted with ethyl acetate and the fractions are
analyzed by TLC on silica gel (see Note 5) using the same eluent. Fractions
containing the product are combined and the solvent is evaporated on a rotary
evaporator to give 5 as a white powder. The physical properties of 5 are as follows
(Note 14): [of3° +121.5° (CHCI3, ¢ 1.30); TH NMR &: 3.58 (s, 3 H), 6.75-8.01 (m, 22 H);
31P NMR §: 28.88(s); EIMS m/z 484 (M+), 453, 282 (base peak); HRMS calcd for
CagHa502P 484.1592, found 484.1574. Anal. Caled for CazHa502P: C, 81.80; H,
5.20. Found: C, 81.77; H, 5.38. .

20. Triethylamine was purchased from Aldrich Chemiéal Company, In¢., and
used without further purification.

21. Toluene was purchased from Aldrich Chemical Company, Inc., and distilied
from calcium hydride before use.

22. Trichlorosilane was purchased from Aldrich Chemical Company, Inc., and
used without further purification. While it is difficult to measure the volume of

trichlorosilane used accurately because of its volatility, accurate measurement is not



essential in the reduction of 5. The submitters found that a large excess of
trichlorosilane does not interfere with reduction of phosphine oxide in Part E, and
recommend the use of trichlorosilane (4 equiv or more to 5) to complete the reduction

in an appropriate reaction time.

23. Crystallization of the crude material from dichloromethane-hexane gave
product 6 of 50% yield or lower. For efficiency of isolation, the submitters recommend

purifying 6 by column chromatography. The physical properties of product 6 are as
follows (see Note 14): [a]2 +95° (CHCI3, ¢ 0.27), [aly’ +75.7° (benzene, ¢ 1.50)

[literature rotation for (S)-6;4 [on]1D6 -59.3° (benzene, ¢ 1.0)]; mp 174-176°C
(recrystaliization from CHaClp/n-hexane), 1H NMR &: 3.34 (s, 3 H), 6.95-8.05 (m, 22
H); 31P NMR 5. -12.74 (s); EIMS m/z 468 (M*), 437 (base peak); HRMS caled for
CasHasPO2 468.1643, found 468.1672. Anal. Calcd for C33H250P: C, 84.60; H, 5.38.

Found: C, 84.35; H, 5.44.

Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the
Laboratory"; National Academy Press; Washington, DC, 1995.
;
3. Discussion

Most of the chiral phosphine tigands prepared so far and used for catalytic
asymmetric reactions are the bisphosphines,5 which are expected to construct an
effective chiral environment by bidentate coordination to metal; they have been
demonstrated to be effective for several types of asymmetric reactions. On the other
hand, there exist transition metat-catalyzed reactions where the bisphosphine-metal

complexes cannot be used because of their low catalytic activity and/or low selectivity

towards a desired reaction pathway. Therefore chiral monodentate phosphine ligands
are required for the realization of new types of catalytic asymmetric reactions.
Unfortunately, only a limited number of monodentate chiral phosphine ligands have
been reported,® which with few exceptions are not so useful as bisphosphine ligands.
Recently, the monodentate, optically active phosphine ligand, 2-diphenylphosphino-
2'-methoxy-1,1"-binaphthyl (MeO-MOP), and its analogs’ have been demonstrated to
provide high enantioselectivity in palladium-catalyzed hydrosilylation of olefins® and
palladium-catalyzed reduction of allylic esters by formic acid.?® The procedures
described here allow the convenient preparation of MOP and have advantages over
previously published sequences.* MeO-MOP can be prepared in five steps from
binaphthol without racemization and the overall yield is 72%. The key step in this
process is the palladium-catalyzed monophosphinylation of 2,2-bis(trifluoromethane-
sulfonyioxy}-1,1'-binaphthyl, which was originally reported by Morgans and co-
workers.3 Under the slightly modified conditions, ditriflate (R)-2 was efficiently
converted into (R)-3 i87% yietd) without racemization. Hydrolysis of the remaining
triflate with aqueous sodium hydroxide in 1,4-dioxane and methanol (2/1) gave (R)-4.
The phenolic hydroxyl group of (R)-4 was methylated by treatment with methyl iodide
in the presence of potassium carbonate in acetone to give (R)-5. Reduction of
phosphine oxide (R)-6 was carried out with trichlorosilane and triethylamine!0 in
toluene with heating to give the corresponding phosphine (R)-6 (86% yield over last 3
steps).

A variety of MOP derivatives bearing various alkoxy or siloxy groups were
readily prepared by changing the reagent used for the alkylation of 4.7 Furthermore,
the presence of the triflate group!? in compound 3 allows one to prepare a wide range
of MOP derivatives functionalized at the 2'-position. Thus, the 2-alkyi, carboxyl,
cyano, aminomethyl groups, etc. were introduced into the 2'-position of MOP via

transition metal-catalyzed cross-coupling, carbonylation, and cyanation reactions.?.12



Bis(substituted phenyl)phosphino groups were readily introduced into the binaphthyl
by the palladium-catalyzed reaction with the corresponding diarylphosphine oxides.
The same procedures used for the preparation of 3 were followed with di(p-
methoxyphenyl)phosphine oxide and 2. Subsequent hydrolysis, alkyiation, and
reduction processes gave 2-di(p-methoxyphenyl)phosphino-MOP.7  The flexibility of
the synthetic route allows fine tuning of the phosphine ligand by the introduction of
several types of side chains and control of the steric and electronic effects of the
phosphino group. Needless to say, the synthetic procedures shown here can be used
for the preparation of MOPs having the (S)-absolute configuration by using (S)-
binaphthol as a starting material. In addition, a MOP analog having the biphenanthryl
skeleton (MOP-phen) was also prepared from optically active 4,4-biphenanthrol

through the same sequences mentioned above.9°
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Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

(R)-2-Diphenylphosphino-2'-methoxy-1,1*-binaphthyl: Phosphine, (2"-methoxy[1,1'-
binaphthalen]-2-yl}diphenyl-, (R)- (12); (145964-33-6)
(R)-2,2'-Bis(trifluoromethanesulfonyloxy)-1,1'-binaphthyl: Methanesulfonic acid,
trifluoro-, [1,1-binaphthalene}-2,2'-diyl ester, (R)- (12); (126613-06-7)
(R)-(+)-1,1*-Bi-2-naphthol: [1,1-Binaphthalene}-2,2"-diol, (R)-(+)- (8);
[1,1-Binaphthalene]-2,2'-diol, (R)- (3); (18531-94-7)

Pyridine (8,9); (110-86-1)

Triflucromethanesulfonic anhydride: Methanesulfonic acid, trifluoro-, anhYdride (8,9);

(358-23-6)
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(R)-(+)-2-Diphenylphosphinyl-2'-trifluoromethanesulfonyloxy-1, 1 *-binaphthyi:
Methanesulfonic acid, trifluoro-, 2'-(diphenylphosphinyl)[1,1-binaphthalen}-2-y! ester,
(R)- (12); (132532-04-8)

Diphenylphosphine oxide: Phosphine oxide, diphenyl- (8,9); (4559-70-0)
Palladium acetate: Acetic acid, palladium(2+) salt (8,9); (3375-31-3)
1,4-Bis(diphenylphosphino)butane (dppb): Phosphine, tetramethylenebis|diphenyl-
(8); Phosphine, 1,4-butanediyibis[diphenyl- (9); (7688-25-7)
N,N-Diisopropylethylamine: Triethylamine, 1,1'-dimethyl- (8); 2-Propanamine, N-ethyl-
N-(1-methylethyl)- (9); (7087-68-5)

Dimethyl sufoxide: Methyl sulfoxide (8); Methane, sulfinyl bis- (9); (67-68-5)
(R)-(-}-2-Diphenyiphosphinyl-2'-hydroxy-1,1'-binaphthyl: [1,1 "-Binaphthalene]-2-ol,
2-(diphenylphosphinyl)-, (R)- (12); (132548-91-5)

1,4-Dioxane: CANCER SUSPECT AGENT: p-Dioxane (8); 1,4-Dioxane (9); (123-91-1)
(R)-(+)-2-Diphenylphosphinyl-2-methoxy-1,1 “-binaphthyl: Phosphine oxide,
(2-methoxy[1,1-binaphthalen]-2-y1)diphenyl-, (R)- (13); (172897-73-3)

Methyl iodide: Methane, iodo- (8,9); (74-88-4)

Triethylamine (8); Ethanamine, N,N-diethyl- (9); (121-44-8)

Trichlorosilane: Silane, trichloro- (8,9); (10025-78-2)

Diethyl phosphite: Phosphonic acid, diethyl ester (8,9); (762-04-9)

Sodium (8,9); (7440-23-5)

Phenylmagnesium bromide: Magnesium, bromophenyl- (8,9); (100-58-3)
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CATALYTIC ASYMMETRIC SYNTHESIS OF NITROALDOLS USING A
LANTHANUM-LITHIUM-BINOL COMPLEX:
(25,35)-2-NITRO-5-PHENYL-1,3-PENTANEDIOL

A. LaCly* 7H,0 + OLi _ NaO-+Bu (0.3 mol eq)
O O OLi 50°C, 48 hr, THF

(2.7 mol eq) (R)~LLB

Lﬁ{}u
‘GQ a

QH
-LLB (5 mol % H
Ph/\,CHO + OzN\/\OH (:'Y:JQC (5 mol %) P ~"OH
1.1eq) , 90 hr, THF =
(1.1eq NO,

i
Submitted by Hiroaki Sasai,!2 Shizue Watanabe, Takeyuki Suzuki, and
Masakatsu Shibasaki.'?

Checked by Fabien Havas, Nabi A. Magomedov, and David J. Hart.
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1. Procedure

A. Lanthanum-lithium-(R)-BINOL complex (LLB). A dry, 300-mL, three-necked
flask equipped with a magnetic stirring bar, septum cap, and a rubber balloon filled
with argon, is charged with (R)-2,2-dihydroxy-1,1-binaphthyl ((R)-BINOL; 6.49 g, 22.7
mmol, Note 1) and 119 mb of tetrahydrofuran (THF, Note 2) under an argon
atmosphere. The system is placed in an ice-water bath and magnetic stirring is
initiated. Via syringe, 28.4 mL (45.4 mmol) of a 1.60 M hexane solution of butyllithium
{Note 3) is added to the cooled (R)-BINOL solution over 7 min and the pale yellow
mixture is stirred for an additional 15 min. The cooling bath is removed and the THF
solution of (R)-BINOL dilithium salt is allowed to reach room temperature.

A 500-mL, two-necked, round-bottomed flask equipped with a magnetic stirring
par, reflux condenser, and a septum cap is charged with 3.12 g of lanthanum
trichloride heptahydrate (LaClz-7H20, 8.4 mmol, Note 4) and 100 mL of THF. The
resulting suspension is sonicated for 30 min at room temperature (Note 5). To this
suspension is added the above prepared solution of (R)-BINOL dilithium salt via
syringe over 5 min with vigorous stirring (Note 6). After this mixture is stirred for 30 min
at room temperature, a 0.52 M THF solution of sodium tert-butoxide (4.85 mL, 2.52
mmol, Note 7) is added via syringe over 5 min. The resulting suspension is stirred
vigorously for 14 hr at room temperature and then stirred for 48 hr at 50°C. The
reaction mixture is allowed to cool to rcom temperature without stirring, and the
supernatant is used as a 0.03 M solution of lanthanum-lithium-(R)-BINOL catalyst [(R)-
LLB].

B. (28,3S)-2-Nitro-5-phenyl-1,3-pentanediol. A 500-mL, two-necked, round-
bottomed flask equipped with a magnetic stirring bar, septum cap, and a rubber
balloon filled with argon, is charged with 119 mL of THF and a 0.03 M THF solution of

(R)-LLB catalyst (63.3 mL, 1.90 mmol) under an argon atmosphere. The system is
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cooled to -40°C and magnetic stirring is initiated (Note 8). The mixture is stirred for 30
min at -40°C, then 2-nitroethanol (3.00 mL, 41.8 mmol, Note 9) is added via syringe
over 4 min. After 30 min of stirring at -40°C, 5.00 mL of 3-phenylpropanal (38.0 mmol,
Note 10) is added via syringe over 5 min and the resulting solution is stirred for 0 hr.
The reaction is monitored by TLC (Note 11). To the reaction mixture is added 150 mL
of 1N hydrochloric acid (HCI). To this mixture is added 20 g of sadium chioride (NaCl)
and the resulting mixture is transferred fo a 2-L separatory funnel. The aqueous phase
is extracted three times with ethyi acetate (400, 200, and 200 mL) and the combined
organic phases are washed with 350 mL of aqueous saturated NaCl solution and
dried over sodium sulfate. The solvent is removed with a rotary evaporator, and the
resulting crude preduct is recrystallized frorh 1 : 1 hexane: ether (ca. 200 mL) to give
4.31g (50%) of analytically pure (2S,3S)-2-nitro-5-phenyl-1,3-pentanediol (98% ee,
Notes 12-15).

2. Notes

1. (R)-BINOL was dried at 50°C for 2 hr under reduced pressure.

2. THF was freshly distilled from sodium benzophenone ketyl under an argon
atmosphere. ;

3. BuLi was purchased from Kanto Chemical Company, Inc. and titrated prior
to use.

4. Pulverized lanthanum chloride heptahydrate was purchased from Aldrich
Chemical Gompany, Inc. (purity 99.9%), or Kanto Chemical Company, Inc. (purity
99.99%). The anhydrous salt is very hygroscopic and must be protected against
moisture. I can, however, be handled very quickly in air without any special

precaution.

5. The checkers used a Branson sonicator.
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6. The transfer may also be made via cannula.

7. Sodium tert-butoxide was purchased from Aldrich Chemical Company, Inc.

8. When the checkers conducted the reaction at -30°C, a 45% yield of product
with 50% ee was obtained.

9. 2-Nitroethanol was distilled under reduced pressure prior fo use.

10. 3-Phenylpropanal was distilled under reduced pressure prior to use.

11. Acetone-hexane (1:2) or dichloromethane-methanol (20 : 1) is used as an
eluant. Anisaldehyde is used as an indicator. Silica gel is used as the stationary
phase.

12. The submitters indicate that purification of a small amount of crude 2-nitro-5-
phenyl-1,3-pentanediol by reverse phase chromatography (Lobar LiChroprep RP-8,
CH3CN-H20 1:1) revealed that the yield, diastereoselectivity, and optical purity of the
syn adduct is 79%, syn: anti = 11.5 : 1, and 8%% ee, respectively.

13. The subrnitiers obtained a second crop: 0.60 g (7% yield, 91% e.e.).

14. The enantiomeric excess was determined by HPLC analysis using DAICEL
CHIRALPAK AD (hexane: i-PrOH 9:1, 0.7 mL/min, 254 nm). The retention times for the
(2R,3R)-, (25,3S)-, (2R,3S)- and (2S,3R)-derivatives are 22.6 min, 24 min, 17 min and
18 min, respectively. The analytical and spectral data of pure (2S,3S)-2-nitro-5-
phenyl-1,3-pentanediol are as follows: [oz]é4 -17.7° (¢ 0.86, chloroform, 98% ee), mp
101-102°C; TH NMR §: 1.83-1.85 (m, 2 H), 2,19 (br-t, 1 H, J=6.2), 2.44 (br-d, 1 H, J =
7.5), 275 (m, 1 H), 2.90 (m, 1 H), 4.03-4.23 (m, 3 H), 4.57 (ddd, 1 H, J = 4.0, 5.2, 6.7),
7.17-7.35 (m, 5 H); '3C NMR 8: 31.45 (CH), 35.15 (CHp), 61.78 (CHp), 69.53 (CHg),
92.08 (CH), 126.33 (CH), 128.43 (CH), 128.64 (CH) 140.56 (C); IR (KBr) cm™!: 3332,
1559, 1369; FABMS (glycerol) m/z 226 (M++1), 161, 91 (base peak). Anal. calcd for
C11H15sNOg4: C, 58.66; H, 6.71; N, 6.22. Found: C, 58.47; H, 6.77; N, 593. The
checkers obtained a 53% vyield of product, pure by combustion analysis, with 85% ee.

One recrystallization of this material (85% recovery) gave product with greater than
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98% ee. When the checkers used catalyst aged for 16 days at -20°C, product was
obtained in 43% yield with a 95% se.
15. The submitters recovered BINOL in quantiative yield without racemization.

This material was reused after recrystallization from toluene.
Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1995.
3. Discussion

The lanthanum-lithium-BINOL (LLB) catalyst2 can be prepared by three difierent
methods that start with lanthanum trichloride,® lanthanum trichloride heptahydrate
(procedure A)4 or lanthanum tris(2-propoxide).5.8 From a practical perspective, the
most important method is procedure A, since this procedure is easy to perform, and the
starting lanthanum trichloride heptahydrate is much cheaper than the corresponding
anhydride or lanthanum tris(2-propoxide). Using methods similar to those for LLB,
other rare earth-lithium-BINOL complexes: can be prepared. For example,
praseodymium-lithium-BINOL complex (PrLB) and neodymium-lithium-BINOL complex
(NdLB) can be prepared from praseodymium tris(2-propoxide) and neodymium tris(2-
propoxide), respectively. In some cases, these rare earth-lithium-BINOL complexes
promote the nitroaldol reaction more efficiently than LLB to give nitroaldols in higher
optical purities.6.7 Furthermore, samarium-lithium-BINOL complex (SmLB), suropium-
lithium-BINOL compiex (EuLB) and gadolinium-lithium-BINOL complex (GdLB) are

effective in the asymmetric nitroaldol reaction of aromatic aldehydes with
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nitromethane.&.7 The purity of rare earth tris(2-propoxide) may vary with supplier. The
submitters have obfained their best results using rare earth tris{2-propoxide)
purchased from Kojundo Chemical Laboratory Co., Ltd., Japan.

Concerning the source of the chiral catalysts, the introduction of
trialkylsilylethyny! groups at the 6,68’-position of BINOL is effective for obtaining
nitroaldols in higher enantiomeric excesses.B In the case of diastereo- and
enantioselective nitroaldol reactions using nitroethane, nitropropane, and 2-
nitroethanol, higher diastereomeric excesses are also observed using 6,6’-
bis(triethylsilylethyny)BINOL as a ligand.8 Furthermore, the submitters have
synthesized several therapeutically or biologically important compounds such as B-
blockers,”.8.10.11 norstatine derivative,’2 and threo-dihydrosphingosine.8
Representative results are shown in Table I. To the best of the submitter's knowledge,
rare earth-lithium-BINOL complexes are the only catalysts that efficiently promote

asymmeitric nitroaldol reactions.

1. (a) Professor Sasai's present address: The Institute of Scientific and |ndustrial
Research (ISIR), Osaka University, Mihogaoka, Ibaraki, Osaka 567-0047,
Japan; (b) Graduate School of Pharmaceutical Sciences, The University of
Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan.

2. (R) or (S)-LLB catalyst can be purchased from Fluka Chemie AG as a 0.03M
THF solution. See, tri-Lithium tris[(R)-1,1"-bi(2-naphtholato)]fanthanate solutioh,
CAS: 161444-08-7, tri-Lithium tris[(S)-1 ,1'-bis(2-naphtholato)]lanthanate
solution, CAS: 151736-98-0.

3. Sasai, H.; Suzuki, T.; Arai, S.; Arai, T.; Shibasaki, M. J. Am. Chem. Soc. 1992,
114, 4418-4420.

4. Sasai, H.; Suzuki, T.; Itoh, N.; Shibasaki, M. Tetrahedron Lett. 1993, 34, 851-
854,
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5. Sasai, H.; Suzuki, T.; Itoh, N.; Tanaka, K.; Date, T.; Okamura, K.; Shibasaki, M. J. 2-Nitroethanol: Ethanol, 2-nitro- (8,9); (625-48-9)
Am. Chem. Soc. 1993, 115, 10372-10373. 3-Phenylpropanal: Aldrich: Hydrocinnamaldehyde (8); Benzenepropanal (9);
6. Shibasaki, M.; Sasai, H. Yuki Gosei Kagaku Kyokaishi 1993, 51, 972-984. (104-53-0)
7. Sasai, H.; Suzuki, T.; ltoh, N.; Arai, S.; Shibasaki, M. Tetrahedron Lett. 1993,
34, 2657-2660.
8. Sasai, H.; Tokunaga, T.; Watanabe, S.; Suzuki, T.; ltoh, N.; Shibasaki, M. J. Org
Chem. 1995, 60, 7388-7389.
9. Sasai, H.; itch, N.; Suzuki, T.; Shibasaki, M. Tetrahedron Lett, 1993, 34, 855
858.
10. Sasai, H; Yamada, Y. M. A.; Suzuki, T.; Shibasaki, M. Tetrahedron 1994, 50,
12313-12318. )
11. Sasai, H.; Suzuki, T.; ltoh, N.; Shibasaki, M. Appl. Organomet. Chem.,
Lanthanoid Issue 1995, 5, 421-426.
12. Sasai, H.; Kim, W.-S.; Suzuki, T.; Shibasaki, M.; Mitsuda, M.; Hasegawa, J.;
Ohashi, T. Tetrahedron Lett. 1994, 35, 6123-6126.

Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Nulmber)

(R)-2,2"-Dihydroxy-1,1'-binaphthyl [(R)-BINOL]: [1,1'-Binaphthalene}-2,2'-diol, (R)- (+)-
(8); [1,1'-Binaphthalene}-2,2"-diol, (R}- (9); (18531-94-7)

Butyllithium: Lithium, butyl- (8,9); (109-72-8)

Lanthanum trichloride heptahydrate: Aldrich: Lanthanum chioride heptahydrate (8);
Lanthanum chloride, heptahydrate (9); (10025-84-0)

Sodium tert-butoxide: tert-Butyl alcohol, sodium salt (8); 2-Propanol, 2-methyl-,
sodium salt (9); (865-48-5)
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TABLE |

ASYMMETRIC NITROALDOL REACTION USING LANTHANUM-LITHIUM-BINOL
DERIVATIVE COMPLEX AS A CATALYST

Entry Aldehyde  Nitro compound® Conditiong®¢ Nitroaldol Yiald (%) syn/anti ee (%) {of .
OH
1 YCHO MaNO; (A)-LLB {3.3 mol%), -42 °C, 18 hr \r\/NOZ 80 —_ 85
OH
2 pp~-CHO MeNO, (A-LLB" (3.3 mal%), -40°°C. 9101  pp~~"~-NC2 84 — a5
OH
3 pr OO A SNo,  (AMLLB (33mal%), 20°C. 75hr  Ph” Y 70 89/11 93
%0,
OH
CHO : N0,
4 O/ MaNO, (R)-LLB (3.3 mal%), -60 °C, 25 hr OA’ 73 — 93
0 cHO 0" N,
OH
5 @@ MENO, (A-LLB (3.3 mol%), -50 °C, 60 hr ©© 80 e %
0”™CHo 0 No,
OH
5 MeNO, (R)-LLB (5 mol%), -50 °C, 60 hr % — 01
MeO. MeO.
AT
N, o} T NO»
0"™cHO o
7 A\ MeNO, (A)-LLB (10 mol%), -50 °C, 96 hr A 76 — 92
N N
H H
i OH
8 CHO ON_~oy (R-LLB" (10 mai%), -40 °C, 163 hr Won 78 91/9 97
14 (3 mol eq) NO»
OH
9~ HO MeNOp  (A-LLB (33 moi%), ~40 °C,72hr  pp ™~y NO, 92% (erythro: 96% ee)
NPhth

NPhth
(96% ea) erythro : threo=>69 : 1

a) Otherwise noted, 10 mol eq of nitro compound was used. b} All reactions were carried out in
THF. ¢) LLB" : lanthanum-lithium-{F)-6,6'-bis(triethylsilylethynyl)BINOL.

22

PALLADIUM-CATALYZED AMINATION OF ARYL HALIDES AND ARYL
TRIFLATES: N-HEXYL-2-METHYL-4-METHOXYANILINE AND
N-METHYL-N-(4-CHLOROPHENYL)ANILINE

(Benzenamine, 4-chloro-N-methyl-N-phenyl-)

ZT
7

Br
+ cat. Pdo(dba)s, (+)-BINAP Hex
A. HpNHex NaOtBu, toluene, 80°C

MeO MeO

94%

Me

oTt H cat, P(OAc)s. ()-BINAP N Ph
B. +  Me “Ph Cs2C03,THF, 70°C
Cl Cl

90%

Submitted by John P. Wolfe and Stephen L. Buchwald.!
Checked by Holly Norling and Louis S. Hegedus.

1. Procedure

A.  N-Hexyl-2-methyl-4-methoxyaniline. A 250-mL, round-bottomed flask
equipped with a magnetic stirbar and a rubber septum is flame-dried and allowed to
cool to room temperature under an argon purge. The septum is removed and the flask
is charged with tris(dibenzylideneacetone)dipalladium (0) (114 mg, 0.125 mmol, 0.5
mol% Pd) (Note 1), (+)-BINAP (233 mg, 0.375 mmol, 0.75 mol%) (Note 1), and sodium
tert-butoxide (NaOtBu) (6.73 g, 70.0 mmol, 1.4 equiv) (Note 2). The septum is again
placed on the flask, and the flask is purged with argon for 5 min. Toluene (50 mL)

(Note 3) is added and stirring is started. The flask is charged with 4-bromo-3-
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methylanisole {(10.0 g, 50.0 mmol, 1.0 equiv) (Note 4), n-hexylamine (7.9 mi, 60.0
mmol, 1.2 equiv) {(Note 5), and additional toluene (50 mL). The resulting dark red
mixture is placed in an oil bath that is heated to 80°C with stirring until the aryi bromide
has been completely consumed as judged by GC analysis {18-23 hr) (Note 6). The
mixiure is removed from the oil bath, allowed to cool to room temperature, then poured
into a separatory funnel. The reaction flask is rinsed with ether (2 x 50 mL), brine (100
mL), deionized water (20 mL), and again with ether (50 mL). All rinses are added to
the separatory funnel, the funnel is shaken, and the layers are separated. The
aqueous layer is extracted with ether (50 mL), and the combined organic extracts are
dried over anhydrous magnesium sulfate. The mixture is filtered; the magnesium
sulfate is washed with ether (50 mL), filtered, and the organic solution is concentrated
under reduced pressure to give the crude product as a brown oil. This oil is then
distilled (bulb-to-bulb, bp 92°C at 0.001 mm) to afford 10.35 g (94%) of the desired
product as a pale yellow oil (Note 7). A small amount of viscous material remains in
the distillation flask foliowing the distillation.

B. N-Methyl-N-(4-chiorophenyl)aniline. A 250-mL, three-necked, round-
bottomed flask equipped with a reflux condenser, magnetic stirbar, one glass siopper,
and rubber septa, covering the condenser and the remaining neck of the flask, is
flame-dried and allowed to cocl to room tem;perature under an argon purge. The
septum is removed and the flask is charged with palladium acetate (337 mg, 1.5 mmol,
3.0 mol% Pd) (Note 1) and (+)-BINAP (1.4 g, 2.25 mmol, 4.5 mol%). The septum is
again placed on the flask, and the flask is purged with argon for 5 min.
Tetrahydrofuran (THF) (50 mL) (Note 8) is added and the mixture stirred at room
temperature for 10 min until a peach-colored suspension forms. The flask is charged
with 4-chlorophenyl trifluoromethanesulfonate (13.0 g, 50.0 mmol, 1.0 equiv) (Note 9),
and N-methylaniline (6.5 mL, 60.0 mmol, 1.2 equiv) (Note 5). The septum is removed

from the flask, and cesium carbonate (Cs2CQ3) (22.8 g, 70.0 mmol, 1.4 equiv) (Note
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10) is added under a flow of argon. The septum is again placed over the flask, and the
flask is purged with argon for 30 seconds. Additional THF (50 mL) is added, the
reaction mixture is immersed in a 76°C oil bath so that the level of the oil is even with
the level of solvent in the flask and stirring is begun. The internal temperature of the
reaction is monitored using a thermocouple and is found to be 60°C (11°C) (Note 11).
The mixture is stirred at this temperature until all the starting triflate has been
consumed as judged by GC analysis (23-45 hr) (Notes 6, 12). The mixture is removed
from the oil bath and allowed to cool to room temperature. Ether (100 mlL) and
hexanes (50 mL) are added to the flask and the solution formed is filtered through
Celite. The flask is rinsed with ether (3 x 50 mL) and the rinses are filtered through
Celite. The organic extracts are combined and concentrated under reduced pressure,
and 1/1 (v/v) hexanes/ether (200 mL) is added. A yellow precipitate forms, and the
mixture is filtered through a 1.5-inch deep plug of silica gel on a 3"-diameter type D
fritted funnel. The fiask is rinsed with 1/1 (v/v) hexanes/ether (2 x 100 mL), and the
rinses are filtered through the plug of silica gel. The organic solution is concentrated

under reduced pressure to give a light brown oil. The material is distilled (bulb to bulb,

0.002 mm). A low boiling fraction (bp 58-70°C) is coliected; the distillation is stopped
and the low boiling material is rinsed out of the receiver bulb. The distillation is
resumed (bulb-to-bulb, bp 84°C at 0.002 mm) to give a yellow solid that melts at room

temperature to give 9.72 g (90%) of the desired product as a pale yellow oil (Note 13).
2. Notes

1. Pdy(dba)s, palladium acetate, and {1)-BINAP were purchased from Strem

Chemical Company and used without further purification. (The checkers recrystallized

Pd(OAc)2 from benzene prior to use. When it was used as obtained from the supplier,

the reaction did not go to completion.)
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2. Sodium tert-butoxide is purchased from Aldrich Chemical Company, Inc.,
and used without further purification. The bulk of this material is stored under nitrogen
in a Vacuum Atmospheres Glovebox. Small portions (10-15 g) were removed from the
glovebox in glass vials and weighed in the air. The checkers stored sodium tert-
butoxide, purchased in 5-¢ bottles, in a desiccator and weighed it out in air.

3. Toluene is distilled under nitrogen from molten sodium.

4. 4-Bromo-3-methylanisole is purchased from Aldrich Chemical Company,
Inc., and used without further purification.

5. All amines were purchased from Aldrich Chemical Company, Inc., and
distilled under argon from calcium hydride (CaHy).

6. Reaction times were considerably longer when run on a large scale than the
previously published reaction times. This may be due to the lower internal
temperature of the large scale reactions (for example, a reaction run on a 50-mmol
scale in a 70°C oil bath was found to have an internal temperature of only 60°C).
Longer reaction times in reactions that used cesium carbonate as a base may also be
due in part to differences in stirring rate.

7. Analytical data for this compound are are as follows: 'H NMR (300 MHz,
CDCl3) &: 0.90 (1, 3 H, J = 6.6), 1.30-1.67 (m, 8 H), 2.13 (5, 3H), 3.09 (t, 2 H, J = 7.2),
3.12 (s, br, 1 H}, 3.74 (s, 3 H), 6.53-6.57 (m, } H), 6.69-6.71 (m, 2 H); 13C NMR (75
MHz, CDCl3) & 14.0, 17.6, 22.6, 26.9, 29.6, 31.6, 44.7, 55.6, 110.7, 111.5, 116.8,
123.5, 140.7, 151.4; IR (neat) cm1: 3414, 2928, 1514, 1225, 1051. Anal. Calcd for
C14H23NO: C, 75.97; H, 10.47. Found: C, 75.93; H, 10.45.

8. THF was distilled under argon from sodium benzophenone ketyl.

9. 4-Chlorophenyl trifluoromethanesulfonatea is prepared according to the
procedure of Stille2b.c as follows: A 500-mL, oven-dried, round-bottomed flask
equipped with a Tefion stirbar and a rubber septum is allowed to cool to room

temperature under an argon purge. The septum is removed and the flask was
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charged with 4-chlorophenol (16.1 g, 125 mmol) (Note 14). The septum is again
placed on the flask, the flask is purged with argon, and pyridine (125 mL}) (Note 14) is
added via syringe. The mixture is cooled to 0°C with stirring in an ice-water bath and
trifluoromethanesulfonic anhydride (163 mmol) (Note 14) is added dropwise via
syringe. “After the addition is complete, the mixture is stirred at 0°C for 15 min, then
aliowed to warm to room temperature and stirred for 22 hr. The mixture is diluted with
hexanes/ether (300 mL, 1/1 v/v) and transferred to a separatory funnel. The mixture is
washed with agueous hydrochloric acid (HCI) (1 M, 2 x 200 mL), and brine (200 mL),
and the layers are separated. The organic layer is dried over anhydrous magnesium
sulfate, filtered, and concentrated under reduced pressure. The crude material is
Kugslrohr-distilled under vacuum (bp 90°C at water aspirator vacuum) to afford 31 g
(95%) of the title compound as a coloriess oil. This material is passed through a short
plug of silica gel prior to use in palladium-catalyzed amination reactions.

10. Cesium carbonate was obtained from Chemetal and used without further
purification. The bulk of this material was stored under nitrogen in a Vacuum
Atmospheres Glovebox. Small portions (~50 g) were removed from the glovebox in
glass bottles and weighed in the air. (The checkers stored the cesium carbonate in a
desiccator under argon, and weighed it in air.)

11. The. formation of a side product, N,N'-dimethyl-N,N'-diphenyl-1,4-
phenylenediamine, was observed if the internal reaction temperature exceeded 65°C.

12. This reaction was run three times on a 50-mmol scale. Two of the three
reactions were complete in <30 hr. The third reaction was run with a batch of triflate
that had not been passed through silica as described above (Note 9); this reaction
took 45 hr to proceed to completion. A second sample of the triflate was passed
through a plug of silica; the reaction was repeated (on a 40-mmol scale) and

proceeded to completion in 26 hr.
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13. Analytical data for this compound are as follows: TH NMR (300 MHz),
CDClg) §: 3.28 (s, 3 H), 6.88-7.32 (m, 9 H); 13C NMR (75 MHz, CDCl3) 3: 40.3, 120.5,
121.4, 122.2, 125.5, 129.0, 129.3, 147.6, 148.6; IR (neat) cm-1: 3061, 2943, 1801,
1452, 1156, 817; GC/MS (m/z) 219. Anal. Caled for C43H12CIN: G, 71.87; H, 5.57.
Found: C, 71.95; H, 5.81.

14. 4-Chlorophenol, trifluoromethanesulfonic anhydride, and anhydrous

pyridine were purchased from Aldrich Chemical Company, Inc., and used without

further purification.
Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1995.
3. Discussion

Aniline derivatives are frequently used in many areas of chemistry, including
pharmaceuticals,32 agrochemicals,3 photography,3¢ pigments,3d xerography,3e and
materials.3f Classic methods for the cons}fuction of aryl carbon-nitrogen bonds
usually require harsh reaction conditions and/or activated substrates, and are often
inefficient or unreliable.4.53

The palladium-catalyzed amination of aryl halides has recently emerged as a
powerful alternative to other methods for the synthesis of aryl amines.® This method
allows for the cross-coupling of aryl halides and triflates with amines in the presence of
a stoichiometric amount of a base and catalytic amounts of palladium complexes
bearing tertiary phosphine ligands. As shown in Tables | and It, the PA/BINAP catalyst

is highly effective for reactions of aryl bromides and triflates with primary and cyclic
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secondary amines. Use of the strong base NaOiBu aliows for rapid reactions with low
levels of the palladium catalyst (usually 0.05-0.5 mol % Pd) while a high degree of
functional group tolerance is observed if Cs2CO3 is used as base.5a.de.i Catalytic
aminations of aryl triflates are most effective with CspCO3;5a.€ cleavage of the triflate
moiety is observed in the presence of NaQtBu,52.e

Catalysts based on bulky, electron-rich phosphine ligands have recently been
developed that are effective for aminations of aryl chiorides, as well as aryl bromides
and triflates.549.) These catalysts also promote room temperature coupling
reactions.5h]

The examples described here demonstrate that a variety of aryl halides or
triflates with differing substitution patterns, electronic properties, and funcflenal groups
can be coupled with primary and secondary amines in high yield. The reactions are
only modestly air sensitive, require no special equipment or techniques, and are

amenable to large scale synthesis.
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Stille, J. K.; Echavarren, A. M.; Williams, R. M.; Hendrix, J. A. Org. Synth., Coll.
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Ahman, J.; Buchwald, S. L. Tetrahedron Lett. 1997, 38, 6363-6366; (f) Old, D.
W.: Wolfe, J. P.; Buchwald, S. L. J. Am. Chem. Soc. 1998, 120, 9722-9723; (@
Hamahn, B. C.; Hanwig, J. F. J. Am. Chem. Soc. 1998, 120, 7368-7370; (h)
Wolfe, J. P.; Buchwald, S. L. J. Org. Chem. 1996, 61, 1133-1135; (i) Wolte, J. P.;
Buchwald, S. L. J. Org. Chem. 2000, 65, 1144-1157; (j) Wolfe, J. P.; Tomori, H,;
Sadighi, J. P.; Yin, J.; Buchwald, S. L. J. Org. Chem. 2000, 65, 1158-1174.

Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

[

4-Bromo-3-methylanisole: Anisole, 4-bromo-3-methyl- (8); Benzene, 1-bromo-4-
methoxy-2-methyl- (9); (27060-75-9)

Hexylamine (8); 1-Hexanamine (g); {111-26-2)

Palladium acetate: Acetic acid, palladium(2+) salt (9); (3375-31 -3)
4-Chloropheny! trifluoromethanesulfonate: Methanesulfonic acid, trifluoro-,
p-chlorophenyl ester (8); Methanesulfonic acid, trifiuoro-, 4-chloropheny! ester (9)
(29540-84-9)

N-Methylaniline: Aniline, N-methyl- (8); Benzenamine, N-methyl- (9); (100-61-8)
Cesium carbonate: Carbonic acid, dicesium salt (9); (534-17-8)

4-Chlorophenol: Toxic: Phenol, p-chlorq: (8); Phenol, 4-chioro- (9); (106-48-9)
Pyridine (8,9); (110-86-1)

Trifluoromethanesulfonic anhydride: Methanesulfonic acid, trifluoro-, anhydride (8,9);

(358-23-6)

N-Methyl-N-(4-chlorophenyl)aniline: Benzenamine, 4-chloro-N-methyl-N-phenyl- (13},
(174307-94-9)

Tris(dibenzylidencacetone)dipaliadium (0): Palladium, tris(1 ,5-diphenyl-1,4-
pentadien-3-one)di- (9); (62409-22-0)
rac-2,2"-Bis(diphenylphosphino)-1,1*-binaphthyl: rac-BINAP: Phosphine, [1,1"-
binaphthalene]-z,2'-diy|bis{dipheny|— (11); (98327-87-8)
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BINAP/PJ-CATALYZED AMINATION OF ARYL BROMIDES USING NaOBu®

TABLE |

i tion Isolated
Catalyst Loading _I;_!ie"?ec(hr) Vield(%)

Halide Amine Product {mol % Pd)
Me R=Hexyl 05 2
Me. Br R=Bn 05 4
: RNH A 0.05 7
’ Me N" R=Cyclic 05 18
Me R=t-Bu 40 25
NC—@—N—HQX
0.5 <1
NC—< >—Br, HexNH, H a5 <
EO
[O H,NBn o>—Q 05 2
o] HN=-Bn
Br
Me.__Me Me MGH OE
QEt
(\5(3’ H,N N OEt 05 17
2 OEt
R
Me
/Crsr " e Jond 20 e
t-Bu
t-Bu Me
Me
L H 18
Br HaNBn Bn 05
Me
Me
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88
79

79

76°

08°
97

81

90

7g°

87"

BINAP/Pd-CATALYZED AMINATION OF ARYL BROMIDES USING NaOBu®

TABLE [ (condt.)

Catalyst Loading Reaction Isolated
Entry Halide Amine Product (mol % Pd) = Time(hr) Yield(%)
Me Me
Me N
@ 05 98"
10 HN  N-Me 0.05 94°
Me Me
"
: o
11 Q HN::' +Bu 05 20 83
t=Bu
H (9
Br N N\)
S G AN IO 05 m o
t-Bu 0 t-Bu

(@) Reaction conditions: 1.0 equiv ArBr, 1.1.1.2 equiv amine,
toluene (2 mL/mmol halide), 8

no formation of the desired product after 17 hr at 100°C in the

in the reaction.

0°C. (b) The reaction was cond
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1.4 equiv NaOIBuU, cat. Pd,(dba)s, cat. BINAP,
ucted at 100°C. (c) Control experiments showed
absence of palladium. ({d) No solvent was used



TABLE 1l

CATALYTIC AMINATION OF ARYL BROMIDES AND TRIFLATES USING Cs,CO4’

Mol% Reaction Yield

Entry Halide Amina Product Catalyst® Pd Time(hr) %

2 21 72

Br Hex A
1 H,NHex MeOﬁ-@»ﬁ
MeOZC

Br Me B 3 1.8 75
2 /©/ ﬁ MeOzC—Q'N C 3 22 87
Me0,C Me”
3 HN O N O B 1 20 86
Br \ _/
MeO,C MeQ,C
OMe
4 Br /@/ QN—@—OMB B 3 20 @
H,N H
COQMG COZMG

N

o
9
5 m—QMe HZN/\/N\) c Me o
N/\/N\)
Br N
Me
N Me
6 Nc—O—Br O ”C‘O_H< > A 1 26 80
¥
Me

HaN
0,
Me HzN Me
8 NC‘@’OTT HN 0
—y

NC—ON ) B 3 16 84
/
Me

i ' B 3 16 gg°

3 MeO OTt _N. MeoON,

Me” “Ph -
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TABLE Il (contd.)

CATALYTIC AMINATION OF ARYL BROMIDES AND TRIFLATES USING Cs,CQ5®

Mol% Reaction Yielc
Entry Halide Amine Product Catalyst® Pd Time(hr) %

Me

Ms
0 Me—O—OTf BriNH, Me < > NH B 5 5 90

Bn

oTt
11 /O/ HoNHex Hex B 3 5 87'
MeO,C MeO,C H
Q ol
Ph PH

(a) Reaction Conditions: 1.0 equiv halide, 1.2 equiv amine, 1.4 equi v Cs,C0;, cat. Pdy(dba); or Pd(OAc),, cat.
BINAP (1.5 L/Pd), toluene (0.25 M), 100°C. (b) A=Pd,(dba)4/(S)-BINAP; B=Pd(OAC),/(S)-BINAP; C=Pd(OAC),(1)-
BINAP. (¢) Base added last to the reaction mixture. (d) Reaction run in THF at 65°C. (e) Reaction run at 80°C.
(f) 2.0 equiv of amine used in reaction. (g) Reaction run in 1,4-dioxane at 80°C.
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INDOLE SYNTHESIS BY Pd-CATALYZED ANNULATION OF KETONES
WITH o-IODOANILINE: 1,2,3,A-TETRAHYDROCARBAZQOLE
(1H-Carbazole, 2,3,4,9-tetrahydro-)

I cat. Pd(OAc),
+ DABCO, DMF

Submitted by Cheng-yi Chen and Robert D. Larsen.1

OC

Checked by Adam Charnley and Steven Wolf.
1. Procedure

To a 100-mL, two-necked flask, is added a mixture of cyclohexanone (5.9 g, 60
mmol), o-iodoaniline (4.4 g, 20 mmol}, and 1,4-diazabicyclo[2.2.2]octane (DABCO)
(6.7 g, 60 mmol) in N,N-dimethylformamide (DMF) (60 mL). The mixture is degassed
three times via nitrogen/vacuum, followed by the addition of palladium acetate
(Pd(OAC)2) {2.24 mg, 0.1 mmol) (Note 1). The mixture is degassed twice and heated
at 105°C for 3 hr or until completion of the reaction (Note 2). The reaction mixture is
cooled to room temperature and partitioned between isopropy! acetate (150 mL) and
water (50 mL). The organic layer is separated, washed with brine (50 mL), and
concentrated under vacuum to dryness. The residue is chromatographed on 50 g of
silica gel using 700 mL of ethyl acetate-heptane (1:6) as the eluent to give 2.22 g of

1,2,3,4-tetrahydrocarbazole (65%) as a pale brown solid (Note 3).
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2. Notes

1. Both cyclochexanone and o-iodoaniline were purchased from Lancaster
Synthesis and used directly in the reaction without further purification.

2. The reaction generally takes 3-5 hr to complete and is monitored by TLC (Rs
= 0.50, SiO2, eluted with EtOAc-heptane, 1:4).

3. The product is fully characterized: mp 116-118°C; IR (neat) cm-1: 3401,
2928, 2848, 1470, 1305, 1235, 739; TH NMR (300 MHz, CDCI3) & 1.86-1.99 (br m, 4
H), 2.74 (brt, 4 H, J=6), 7.08-7.71 (brm, 2 H), 7.29 (m, 1 H), 7.49 (m, 1 H), 7.64 (br s, 1
H); 13C NMR (75 MHz, CDCl3) §: 20.05, 22.20, 22.32, 22.42, 108.98, 103.61, 116.81,
118.12, 119.96, 126.82, 133.30, 134.66. Anal. Calcd for C12H3N: C, 84.17; H, 7.65;
N, 8.18. Found: C, 82.87; H, 7.53; N, 7.84.

Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1995.
3. Discussion

The indole nucleus is a common and important feature of a variety of natural
products and medicinél agents.2 The traditional approach for preparing the indole
nucleus is the Fischer indole reaction.3 As this reaction has shortcomings, the
palladium-catalyzed coupling of ortho-haloanilines is becoming an excellent
alternative.4 Recently, the submitters disclosed a new and efficient method for indole
synthesis using a palladium-catalyzed annulation between o-iodoanilines and ketones

(Scheme 1).5
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gcheme 1

R, | Rs
\Ejf + i Pd(OAc)z, DMF, (MgSQ4)
NH, 0™ R,
Fh\C[X /ER:’. -Pd(0) R1\©\_IH3
P AN N~ R
H R> H 2

(3’)(:' ZN'@I7 ZN(‘b.HI 5

4, X =Pd|

As illustrated in Chart 1, this reaction is applicable 1o a variety of o-iodoanilines
and cyclic ketones to prepare the desired indoles in good yields. The coupling
reaction is highly regioselective_6 For example, condensation of o-iodoaniline 1, R=1-
(1,2,4-triazolylymethyl, with 2-methylcyclohexanone gave tetrahydrocarbazole 11 in
68% vyield. Reaction of 3-methyicyclohexanone with o-iodoaniline formed
tetrahydrocarbazole 12 prediominantly. The reaction is also compatible with
cyclopentanone and cycloheptanone fcompounds 8 and 8). The reaction tolerates a
variety of functional groups, especially the acid-sensitive ketal (10), carbamate (14),
or the benzyl triazole” (8, 9 and 11). These compounds, which would be unstable
under the conditions of the traditiond Fischer indole reaction,® were conveniently
synthesized using this method. The ructurally interesting indole 15 was prepared
from 3-quinuclidinone hydrochloride (1.0 equiv) in 55% yield. The interesting
coupling of the indole nucleus onto a geroid was also achieved with 5a-cholestancne
(1.0 equiv) affording 13 exclusiwely in 79% vield. Pyruvic acid and acetyl silane were

also acceptable substrates, used to pepare indoles 16 and 17 in 82% and 64% yield

18

respectively. Overall, the simple procedure, mild reaction conditions, and availability
of the starting materials render this method a valuable addition to indole chemistry.

Chart 1

68, R=H, 65% 8,n=0, 53% 9,
7,R=GN,61% 9.nN=272% 10 (55/0)
o0 O
N N N Me
H Me
11 (68%) 12 (65%) 13 (79%)
|
- |
H u ” CO.H u SiMes
14 (78%) 15 (55%) 16 (82%) 17 (64%)

CO-H

18 (75%)

The high regioselectivity of these reactions follows the same pattern as those of
2- and 3-substituted cyclohexanones when converted to enamines.8 Apparently, A(1,2)

and A(1.3) strain in the transition state controls the regiochemistry. The additive
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magnesium sulfate (MgSQa), presumaply acting as a dehydrating agent, was found to
promote the annulation (for compoungs 7, 8, 11, 13, 15 and 17), indicating that the
formation of the imine or enamine intermediate is critical to the reaction. The
annulation of dehydrocholic acid and o-iodoaniline ciearly demonstrated the high
efficiency of this reaction as both excellent chemoselectivity and regicselectivity were

observed (18). The coupling reaction led to the unique combination of indole and

steroid moieties into one interesting molscule.

For a recent example of a regioselective Fischer indole reaction mediated by
organoaluminum amides, see: Maruoka, K.; Qishi, M.; Yamamoto, H. J. Oig.
Chem. 1993, 58, 7638.

Chen, C.~y; Lieberman, D. R.; Larsen, R. D.; Reamer, R. A.; Verhoeven, T. R;
Reider, P. J.; Cottrell, I. F.; Houghton, P. G. Tetrahedron Lett. 1994, 35, 6981.

A Fischer indole reaction in pyridine has been reported: Weich, W. M.

Process Research Department, Merck Research Laboratories, Division of Merck

& Co., Inc., P.O. Box 2000, Rahway, NJ 07065.

Saxton, J. E. "The Chemistry of Heterocyclic Compounds®; John Wiley and
Sons: New York, 1994; Vol. 25 Part Iv.

For reviews on the Fischer indoig reaction, see: Robinson, B. "The Fischer
Indole Synthesis"; John Wiley and Sons: New York, 1982; Hughes, D. L. Org.
Prep. Proced. Int. 1993, 25, 607, Gribble, G. W. Contemp. Org. Synth. 1994, 1,
145 and references cited therein,

(a) For a ‘one-pot' synthesis of indoles under non-acidic conditions (Spx1
reaction), see: Beugelmans, R.; Roussi, G. J. Chem. Soc., Chem. Commun.
1979, 950; (b) Bard, R. R.; Bunnett, J. J. J Org. Chem. 1980, 45, 1546; (c)
Fukuyama, T.; Chen, X.; Peng, G. J. Am. Chem. Soc. 1994, 116, 3127; (d)
Suzuki, H.; Thiruvikraman, S. V.; Osuka, A. Synthesis 1984, 616 and
references cited therein; (€) dAngelo, J.; Desmaele, D.; Tetrahedron Lett. 1990,

31, 879.

Chen, C.y.; Lisberman, D. R; Larsen, R. D.; Verhoeven, T. R.; Reider, P. J. J.
Org. Chem. 1997, 62, 2676 and refarences cited therein.
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Synthesis 1977, 645.
9. Cook, A. G. "Enamines: Synthesis, Structure, and Reactions", 2nd ed.; Marcel

Dekker, Inc.: New York, 1988.

Appendix
Chemical Abstracts Nomenclature (Collective index Number);

(Registry Number)

o-lodoaniline: Aniline, o-iodo- (8); Benzenamine, 2-iodo- (9), (615-43-0)
1,2,3,4-Tetrahydrocarbazole: Carbazole, 1,2,3,4-tetrahydro- (8); 1H-Carbazole,
2,3,4,9-tetrahydro- (9); (942-01-8)

Cyclohexanone (8,9); (108-94-1)

1,4-Diazabicyclo[2.2.2]octane: DABCO (8,9); (280-57-9)

N,N-Dimethylformamide: CANCER SUSPECT AGENT: Formamide, N,N-dimethyl- (8,9);
(68-12-2)

Palladium acetate: Acstic acid, palladium(2+) salt (8,9); (3375-31-3)
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NICKEL-CATALYZED COUPLING OF ARYL O-CARBAMATES WITH
GRIGNARD REAGENTS: 2,7-DIMETHYLNAPHTHALENE
(Naphthalene, 2,7-dimethyl-)

S, S /\Ni A

100°C

i i NICIZ dppp) fame) /.\
N <N MeMgBr Et o}

N~ O O 2

_/ N

Submitted by Carol Dallaire, 3 Isabelle Kolber,'? and Marc Gingras.'¢

Checked by Mitsuru Kitamura and Koichi Narasaka.
1. Procedure

A. 2,7-Bis(diethylcarbamoyloxy)naphthalene 2 Into a dry, 1-L, three-necked,
round-bottomed fiask, equipped with a mechaﬁical stirrer and a condenser, are added
2,7-dihydroxynaphthalene (49.7 g, 0.310 mol, Note 1) and pyridine (700 mL, Note 2)
under nitrogen. A dry, 200-mL pressure-equalizing dropping funnel fitted with a
rubber septum is installed and charged with N,N-diethylcarbamoyl chioride (120 mL,
0.900 mol: Note 3). After the reaction flask is cooled in an ice bath for 30 min, N,N-
diethylcarbamoyl chloride is added within § min to the vigorously stirred mixture. The
ice bath is removed and the dark-brown solution is warmed to room temperature. The

dropping funnel is removed under a stream of nitrogen and a thermometer is installed.
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The solution is heated to 100°C (£5°C) for 2 days. TLC indicates a complete reaction
(8i02, 2,7-dihydroxynaphthalene, Rs = 0.46; acetone/hexane: 40/60). After the flask is
cooled in an ice bath, hydrochloric acid (6 M, 250 mL) is poured into it over 10 min with
vigorous stirring. A light-brown solid is formed. The brown mixture is poured into a 3-L
Erlenmeyer flask and more hydrochioric acid (6 M, 350 mL) is added, followed by
water (600 mL) in order to precipitate the compound furtf':er. The solid is filtered with a
Biichner funnel and washed with water (500 mL). The crude product is dried under
vacuum for several hours until a constant weight is obtained. The purity is found to be
sufficient for the subsequent steps (111.0 g, 99% yield; mp 89.0-90.0°C, Note 4).
However, a recrystallization is achieved by dissolving the crude compound in boiling
95% ethanol (300 mL), followed by the addition of water (200 mL). After the flask
stands for 8 hr at room temperature, light-brown needles can be collected and washed
with a solution of ethano! and water (50:50, 150 mL). ‘The crystals are dried under
vacuum to give pure 2,7-bis(N,N-diethylcarbamoyloxy)naphthalene (89.8 g, 0.250 mol,
81% yield; mp 89.6-90.5°C, Note §). The filtrate is warmed, water (175 mL) is added,
and the mixture is allowed to stand for 8 hr at room temperature to give additional
crystals (14.0 g, 0.0391 mol, 13% yield; mp 89.0-90.0°C). The filtrate is cocled at 5°C
to give a brown solid (5.7 g; mp 83.5-86.5°C), which is recrystallized from boiling
hexanes (120 mL), to give needles of 2,7-bis(N,N-diethylcarbamoyloxy}naphthalene
(3.22 g, 8.98 mmol; mp 88.0-89.5°C). The overall yield is 107 g, 0.299 mol, 97%.

B. 2,7-Dimethylnaphthalene. A 2-L, three-necked, round-bottomed flask is
equipped with a mechanical stirrer, reflux condenser, nitrogen inlet adapter and a 300-
mL pressure-equalizing dropping funnel fitted with a rubber septum. All the glasswa;e
is oven-dried before assembly. Under a flow of nitrogen, the flask is charged with
crystalline 2,7-bis{N,N-diethylcarbamoyloxy)naphthaiene (70.3 g; 0.196 mol), the
catalyst NiCla(dppp)2 (1.90 g; 3.51 mmol, 1.8 mol % relative to 2,7-bis(N,N-
diethylcarbamoyloxy)naphthalene, Note 6) and anhydrous diethyl ether (550 mL, Note
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7). A red mixture is obtained. The dropping funnel is charged with an ethereal
solution of methylmagnesium bromide (3 M in diethyl ether, 235 mL, 0.705 mol, Note

), which is added dropwise over a period of 25 min. During the addition, the reaction
mixture changes from red to pale brown and to green. The mixture is stirred at 30°C
for 13 hr in order to complete the reaction (Note 9). TLC is used to follow the reaction
[SiO2, 2,7-bis(diethylcarbamoyloxy)naphthalene, R = 0.10; 2,7-dimethyinaphthalene,
Rt = 0.74, (hexane/ethyl acetate: 80/20)]. The resulting dark brown mixture is cooled in
an ice bath and the dropping funnel is charged with aqueous hydrochloric acid (6 M,
300 mL), which is slowly added to the reaction mixture over 25 min in order to maintain
a gentle reflux. The aqueous layer is separated and extracted further with diethy! ether
(50 mL). The combined organic layers are washed with aqueous hydrochloric acid (6
M, 3 x 100 mL), distilled water (150 mL), brine (200 mL), and dried over anhydrous
sodium sulfate (25 g). After filtration and evaporation of the solvent, the compound is
dried under vacuum to a constant weight, to afford a beige solid (30.2 g). The crude
product is recrystallized from boiling 95% ethanol (350 mL) to give colorless crystals of
2,7-dimethylnaphthalene (22.1 g). Concentration of the mother liquors and another
recrystallization, provides an additional amount of product (5.3 g). 2,7-
Dimethylnaphthalene (overali: 27.4 g, 0.175 mol, 89%, mp 95-96°C, lit.7: mp 95-96°C,

Note 10} is obtained as fluffy colorless Ieaflet‘crystals.
2. Notes

1. 2,7-Dihydroxynaphthalene (97%) was purchased from Aldrich Chemical
Company, Inc., Acros Organics, or Tokyo Chemical Industry Co.
2. Laboratory grade pyridine was distilled from calcium hydride under nitrogen

or used as received from Acros Organics (reagent grade, <0.1% water)

44

3. N,N-Diethylcarbamoyl chloride was used as received from Aldrich Chemical
Company, Inc. (99%} or Tokyo Chemical Industry Co. (>95%). It was transferred to the
dropping funne! via a syringe.

4. The purity was estimated from 1H NMR (250 MHz, CDCl3) and melting point.

5. The physical properties are as follows: R¢ = 0.65 (SiO2, acetone/hexane =
40/60); H NMR (250 MHz, CDCl3) &: 1.25 (broad s, 12 H), 3.45 (broad s, 8 H), 7.25
{(dd,2H,J=22,87),750(d 2H,J=22),7.77 (d. 2H, J= 8.9); 13C NMR (62.9 MHz,
CDClg) 8 13.9, 14.7, 42.6, 118.5, 121.6, 129.3, 135.0, 150.3, 154.7; IR (CClg) cmt:
1724, 1155; MS (El) m/e 358 (M*, 26%).

6. NiCla{dppp): [1,3-Bis(diphenylphosphino)propane]dichioronickel(il).
Important: A loading of catalyst less than 1.8 mol % relative to the amount of 2,7-
bis(N,N-diethylcarbamoyloxy)naphthalene gave erratic results. For example, 1.2-1.3
mol % sometimes gave an incomplete conversion, but additional catalyst (1.0 mol %)
ensured completion of the reaction.' This step was checked at least five times, each
time with reproducible yietds in the range of 86-89%. NiCla{dppp) was used as
received from Acros Organics.

7. Diethyl ether was dried and purified by distillation under nitragen from
sodium and benzophenone, or was used as received from Kanto Chemical Co.
(reagent grade, <0.005% water).

8. 3.0 M Methylmagnesium bromide solution in diethyl ether was purchased
from Aldrich Chemical Company, Inc. and used without standardization. The Grignard
reagent was transferred from the original bottie into the dropping funnel via a cannula
under nitrogen.

9. In general, it was found that a dark brown color was indicative of a
successful reaction. At 20°C, the reaction sometimes proceeds very slowly with poor

reproducibility. The checkers recommended a temperature of > 30°C.
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10. The physical properlies are as follows: Ry = 0.74 (SiO2, hexane/ethy!
acetate = 80/20). TH NMR (250 MHz, CDCla) &: 2.49 (s, 6 H), 7.22 (d, 2 H, J = 8.0),
7.50 (s, 2 H), 7.65 (d, 2 H, J = 8.0); 13C NMR (62.9 MHz, CDClg) &: 21.7, 126.3, 127.2,

127.4, 130.0, 134.0, 135.4; MS (El) m/e 156 (M*-, 100%).
Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1995.
3. Discussion

Nickel-catalyzed coupling of aryl O-carbamates and Grignard reagents is a
promising methodology in synthetic organic chemistry.3 Relatively cheap nickel
catalysts are used in some officiant coupling procedures with a variety of easily made
reagents such as vinyl, aryl and alky! magnesium halides. The method avoids the
classic use of expensive triflates in some palladium-catalyzed coupling procedures
{for instance, the Stille coupling with costly and toxic organotins). Furthermore,
palladium-catalyzed alkyl couplings are somptimes problematic because of B-hydride
eliminations.

An application of the nickel catalysis is shown here in the formation of 2,7-
disupstituted derivatives of naphthalene, which are less common in the library of
commercial fine chemicals. For these reasons, the submitters developed some
synthetic routes to 2,7-bis(diethylcarbamoy|oxy)naphtha|ene, 2,7-
dimethylnaphthalehe“' and 2,7-bis(bromomethyljnaphthalene that will facilitate access
to a large family of 2,7-disubstituted naphthalenes.5 The low cost of N,N-

diethylcarbamoyl chioride, relative to triflic anhydride (for making ary! triflates), allows
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the formation of O-carbamates, and assures the incorporation of a wide variety of
substituents with some relatively cheap nickel(l) catalysis and Grignard reagents.3
Scheme 1 indicates a few possible uses of 2,7-dimethyinaphthalene from its Wohl-
Ziegler dibromination with N-bromosuccinimide (NBS).6 Recently, some effective
procedurss were published for making 2,7-dimethylnaphthalene and 2,7-
bis(bromomethylynaphthalene.” The best synthetic route required five steps to 2,7-
bis(bromomethyf)naphthalene in an overall yield of ~34%, including the formation of a
Grignard reagent, one separation of isomers and several unwanted by-products
during two selective halogenation reactions. In addition, a major reactant was the
relatively expensive 3,3-dimethoxy-2-butanone. The submitter's procedure is
regiospecific at positions 2 and 7 on the naphthalene system and avoids separation of
isomers. Furthermore, the dibromination of 2,7-dimethyinaphthalene could be
accomplished by the Wohi-Ziegler reaction, which provided isolated yields equal to
the photolytic procedure (64% in ref. 7), but no photolytic equipment was required. All
the proceduras described used simple purifications by recrystallization.

in spite of the poor availability of 2,7-bis(bromomethyl)naphthalene, it
nevertheless has been used as an important convergent spacer and building block in
supramolecular chemistry. For example, a bioinorganic model from a complexation
with Cu(ll), generated supramolecular cyclophanes by self-assembly, and
encapsulated Lewis bases.8 Helicoidal compounds, such as carbohelicenes, have
recenﬂy_been prepared from 2,7-bis(bromomethyl)naphthalene by Reetz? and
Brunner.”7 Other syntheses are aiso known.10 Because of the cost, the rather long
synthetic sequences, and scarcity of these 2,7-disubstituted naphthalenes, the
submitters believs that their procedures will encourage further uses of these symhoﬁs,
either as supramolecular spacers with convergent functicnalities or as important
pharmaceutical intermediates. New receptors and helical structures could also be

foreseen.
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Scheme 1. A Few Synthetic Uses of 2,7-Dimethylnaphthalene and
2,7-Bis(bromomethyl)naphthalene

Me‘z:Me

64-79%

NBS
Benzoyl peroxide (1%}

ACOCH; GH,0Ac BrCHg” : : *CHoBr RNHCHy” : : ~CHNHR.

N

HOCHZ” : : ~CHZOH - : : ~CoH

1. (a) MDS Pharma Services, Laboratoire de Synthése, 865, Boulevard Michéle-

OHC CHO HO.C

Bohec, Blainville, QC, Canada, J7C 5J6; (b} Université Libre de Bruxelles, CP
160/08, 50 Ava. F. D. Roosevelt, 1050 Brussels, Belgium; (c) Former Address:
Laboratory of Supramolecular Chemistry and Catalysis, Organic Ghemistry
Division, GP 160-06, Université Libre de Bruxelies, 50 Ave. F. D. Roosevelt,
1050 Brussels, Belgium. Present address: Department of Chemistry, Faculty of
Sciences, University of Nice-Sophia Antipolis, 28 Parc Valrose, 06108 Nice
Cedex 2, France.

2. Based in part from Kolber, I., Mémoire at Université Libre de Bruxelies, 1997.

3. Sengupta, S; Leite, M.; Soares Raslan, D.; Quesnelle, C.; Snieckus, V. J. Org.
Chem. 1992, 57, 4066-4068.

4. Expensive 2,7-dimethylnaphthalene is available in small amounts from Aldrich

Chemical Company, Inc. ($144 per gram).
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5. Similar synthetic strategies to 2,7-disubstituted naphthalenes, but with different
substitutents and Pd-reactions, have already been described: (a) Katz, T. J.;
Liu, L.; Willmore, N. D.; Fox, J. M.; Rheingold, A. L.; Shi, S.; Nuckolls, C.;
Rickman, B. H. J. Am. Chem. Soc. 1997, 119, 10054-10063; (b} Takeuchi, M.;
Tuihiji, T.; Nishimura, J. J. Org. Chem. 1993, 58, 7388-7392.
6. (a) Jessup, P. J.; Reiss, J. A. Aust. J. Chem. 1976, 29, 173; (b) Baker, W.;
Glocking, F.; McOmie, J. F. W. J. Chem. Soc. 1951, 1118.
7. Terfort, A.; Gorls, H.; Brunner, H. Synthesis 1997, 79-86.
8. Maverick, A. W.; Buckingham, S. C.; Yao, Q.; Bradbury, J. R.; Stanley, G. G. J.
Am. Chem. Soc. 1986, 108, 7430.
9. Reetz, M. T.; Beuttenmiller, E. W.; Goddard, R. Tetrahedron Lett. 1997, 38,
3211-3214. '
10. (a) Yamamoto, K ; lkeda, T.; Kitsuki, T.; Okamoto, Y.; Chikamatsu, H.; Nakazaki,
M. J. Chem. Soc., Perkin Trans. 11990, 271-275; (b) Nakazéki, M.; Yamamoto,
‘ K.; Ikeda, T.; Kitsuki, T.; Okamoto, Y. J. Chem. Soc., Chem. Comm. 1983, 787;
{c) Katz, T. J.; Slusarek, W. J. Am. Chem. Soc. 1979, 101, 4259-4267; (d)
Martin, R. H.; Marchant, M.-J.; Baes, M. Helv. Chim. Acta 1971, 54, 358-360.

Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

2 7-Dimethylnaphthalene: Naphthalene, 2,7-dimethyl- (8,9); (582-16-1)
2,7-Dihydroxynaphthalene: 2,7-Naphthalenediol (8,9); (582-17-2)
Diethylcarbamoy! chloride: CANCER SUSPECT AGENT: Carbamic chloride, diethyl-
(8,9); (88-10-8)
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SYNTHESIS OF 4-, 5-, and 6-METHYL-2,2’-BIPYRIDINE BY A NEGISHI
CROSS-COUPLING STRATEGY: 5-METHYL-2,2'-BIPYRIDINE

[t ,3-Bis(diphenylphosphino)propane]dichloronickel(|) CANCER SUSPECT AGENT:
Nickel, dichlorofirimethylenebis[diphenylphosphine]}- {8); Nickel, dichloro[1,3-
propanediyibis[diphenyiphosphine]-PP']- (9); (15629-92-2) (2,2'-Bipyridine, 5-methyl-)

Methylmagnesium bromide: Magnesium, bromomethyl- (8,9); (75-16-1)

= S
A. | HyS04, H0 | P
N NH, NaNO» N” TOH
, 1
~
B. | (CF3502)0 B
N/ OH pyridine A
N” T 0S0,CF,
1 2
/
= 1. t-Buli, THF —
c. | P 2.2nCly
N~ TBr 3.2, LiCl, THF \ / \ _/
Pd(PPh3)s »
3

Submitted by Adam P. Smith, Scott A. Savage, J. Christopher Love, and
Cassandra L. Fraser.1

Checked by Erik Kuester and Louis S. Hegedus.
' 1. Procedure
A. 2-Hydroxy-5-methylpyridine (1) (Note 1). A 500-mL, two-necked, round-

bottomed flask (Note 2) equipped with an internal thermometer and egg-shaped,

Teflon-coated magnetic stirrer is charged with 150 mL of water (H,0) and 40 g of
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concentrated sulfuric acid (HpS$0,). This agueous solution is cooled below 0°C by
immersion in an acetone/ice bath, and 2-amino-5-methylpyridine (18.2 g, 168 mmoal) is
added (Note 3). The reaction mixture is treated with an aqueous solution of sodium
nitrite (NaNQ5) (15.4 g, 223 mmal in 30 mL of Hy0) (Note 4) at a rate sufficient to
maintain a reaction temperature of 0-5°C. After addition of the NaNO, solution is
complete, the resulting mixture is stirred at 0°C for 45 min, and then heated to 95°C for
15 min. The reaction mixture is allowed to cool to room temperature and a 50% w/w
aqueous sodium hydroxide (NaOH) solution is added until a pH of 6.5-7.0 is achieved
(~30 mL) (Note 5). After the reaction mixture is heated to 60°C, the hot solution is
extracted with ethyl acetate (EtOAc) (4 x 100 mL). The combined organic fractions are
dried over anhydrous sodium suffate (Na;SO4), filtered, and concentrated on a rotary
evaporator to yield a pale-yellow solid. Purification by recrystaliization from hot/cold
ethyl acetate (EtOAc) (~300 mL) gives 2-hydroxy-5-methylpyridine (11.2 g, 61%) as
white crystalline needles (Note €).

B. 5-Methyl-2-(trifluoromethanesulfonyl)oxypyridine (2). The following
procedure for the preparation‘of the 5-methyl-2-pyridy! triflate may also be used to
synthesize the 4- and 6-methyl derivatives. A 200-mL Schienk flask (Note 2)
containing a Teflon-coated, magnetic stirring bar and capped with a rubﬁer septum is
flushed with nitrogen. The flask is charggd with 2-hydroxy-5-methylpyridine (1) (4.85
g, 44.4 mmol) and dry pyridine (140 mL) (Note 7). Afier the reactant dissolves, the
flask is cooled to -12°C by immersion in an acetone/ice bath. Trifluoromethanesutfonic
anhydride (15.1 g, 53.5 mmol) (Note 8) is added rapidly to the flask via syringe through
the rubber septum. The solution is stirred at 0°C for 30 min and poured into a
separatory funnel containing HoO (150 mL). The mixture is exiracted with
dichloromethane (CHxClp) (3 x 100 mL) and the combined organic fractions are dried
over anhydrous NapSOy. Filtration and concentration on a rotary évaporator, followed

by flash chromatography on 375 g of deactivated silica gel (Note 9) with 20%
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EtOAc:80% hexanes, gives 9.89 g (92%) of 5-methyl-2-(triflucromethane-
sulfonyl)oxypyridine as a clear, colorless oil (Note 10).

C. 5-Methyl-2,2"-bipyridine (3). The 4- and 6-methyl-2,2"-bipyridines may also
be prepared using the following procedure. A 500-mL, two-necked, round-bottomed
flask (Note 2) with a Teflon-coated magnetic stirrer is placed in a dry ice/acetone bath
{-78°C), then 80 mL of tetrahydrofuran (THF) (Note 11) and tert-butyllithium {tert-BuLi)
{1.75 M in pentane, 52 mL, 91.0 mmol) (Note 12) are added to it, followed by dropwise
addition of 2-bromopyridine (7.13 g, 4.3 mL, 45.1 mmol) (Note 13). The canary yellow
THF solution becomes reddish-brown upon addition of the pyridyl bromide. After the
solution is stirred at -78°C for 30 min, anhydrous zinc chloride {ZnClp) (13.3 g, 97.4
mmol) (Note 14) is added, and the reaction is stirred at 25°C for 2 hr. The 5-methyl-
pyridy! triflate (2) (8.95 g, 37.1 mmai), lithium choride (LiCl) (3.18 g, 75.2 mmol) (Note
15), and tetrakis(triphenylphosphine) palladium (Pd(PPhs)4) (1.75 g, 1.5 mmol) (Note
16} are then added. The brownish-yellow reaction mixture is heatad at reflux (Note
17) for 18 hr.  After the solution is cooled, an aqﬁeous solution of
ethylenediaminetetraacetic acid (EDTA) (85 g, 148 mmol in 400 mL) (Note 18) is
added and the pH is adjusted to ~8 with saturated aqueous sodium bicarbonate
(NaHCOQ3). The solution is stirred for 15 min then poured into a separatory funnel.
The product is exiracted with CHyCl, (3 x 200 mL). The combined organic fractions
are dried over anhydrous NapSO,, filtered, and concentrated using a rotary
evaporator, Flash chromatography on 275 g of deactivated silica gel (Note 8) (20%
EtOAc:80% hexanes) affords 5.94 g (94%) ot 5-methyl-2,2"-bipyridine as a very pale
yellow oil (Note 19).
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2. Notes

1. This procedure is a modification of that reported by Adger and co-workers.2
Both 2-hydroxy-4-methylpyridine and 2-hydroxy-6-methylpyridine can be obtained
from Aldrich Chemical Company, Inc. However, it is more economical to prepare them
in large quantities using this procedure from 2-amino-4-methylpyridine and 2-amino-6-
methylpyridine, respectively.

2. Before use, all glassware, needles, and syringes were dried overnight ina
120°C oven. '

3. 2-Amino-5-methylpyridine was purchased from Aldrich Chemical Company,
Inc. and used as received. (Aldrich name: 2-Amino-5-picoline.)

4. Sodium nitrite was purchased from Aldrich Chemical Company, Inc. and
used as obtained.

5. Sodium hydroxide pellets from Mallinckrodt Inc. were used as received.

6. The following characterization data was obtained: TH NMR (CDClg, 300
MHz) &: 1.99 (s, 3H), 643 (d. 1 H,J=8.8),7.06 (s, 1 H), 7.23 (dd, 1 H, J=22,95),
13.48 (s, 1 H); 13C NMR (CDCl3, 75 MHz) &: 17.1, 116.2, 118.8, 132.5, 1444, 164.9.
Anal. Calcd for CgH7NO: C, 66.04; H, 6.46; N, 12.84. Found: C. 66.09; H, 6.31; N,
13.05. ,
7. Pyridine (99.9+% HPLC grade) was purchased from Aldrich Chemical
Company, inc., and used without further purification.

8. Trifluoromethanesulfonic anhydride, obtained from Aldrich Chemical
Company, Inc., was used as received and weighed in a syringe inside a dry box. The
checksrs measured the anhydride volumetrically in a dry syringe, in & hood using a

density of 1.68. Transfer in a dry box proved unnecessary.
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9. Silica gel used for flash chromatography (particle size 0.035-0.075 mm) was
obtained from VWR Scientific Products. Silica chromatography columns were
deactivated by flushing with 10% triethylamine (EtgN) in hexanes and then were
washed with hexanes prior to use.

10. The product has the following properties:* TLC R; = 0.54 (20% EtOAc:80%
hexanes); TH NMR (CDCl3, 300 MHz) 8: 2.37 (s, 3H), 7.06 (d, 1 H, J=8.1), 7.67 (dd, 1
H,J =2.4,85),8.17 (s, 1 H); *3C NMR (CDCl3, 75 MHz) &: 17.9, 114.9, 118.8 (q, Jcr
=320.3), 134.7, 1416, 148.8, 154.2. Anal. Caled for C;HgF3sNO3S: C, 34.86; H, 2.51;
N, 5.81. Found: C, 34.99; H, 2.19; N, 5.70.

11. THF was dried and purified by passage through alumina solvent purification
columns3 or by distillation over sodium/benzophenone.

12. A 1.6 M solution of tert-Bul.i in pentane was obtained from Aldrich Chemical
Company, Inc. ltis crucial to have at least 2 equiv of tert-BulL.i for the lithium-halogen
exchange. Dep;essed yields (25-60%) were obtained when less than 2 equiv were
used. The tert-BulLi is titrated prior to its use in each reaction using the following
procedure.4 To a 50-mL Schienk flask is added N-benzylbenzamide (274 mg, 1.3
mmol) (as received from Aldrich Chemical Company, Inc.) and THF (10 mL) (Note 11).
The solution is cooled to -43°C {acetonitrile/dry ice) and tert-BuLli is added dropwise to
the blue endpoint {(color persists for >30 s). The molarity is calculated using a 1:1
stoichiometric ratio of N-benzylbenzamide to tert-Bui (just greater than 1 equivalent of
alkyHithium needed to reach the endpoint).

13. 2-Bromopyridine was purchased from Aldrich Chemical Company, Inc., and
used as received.

14, Zinc chloride, obtained from Strem Chemicals Inc., was flame-dried to
remove excess H,O and stored in a dry box prior to use. Weighing out flame-dried

zinc chloride on the bench rather than in a dry box resulted in reduced yields. When a
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1M solution of the above flame-dried zinc chloride was prepared in THF and
transferred by syringe, the published yields were obtained.
15. Granular lithium chloride from Mallinckrodt, Inc. was stored in a dry box prior

to use. The checkers stored the LiCl in a desiccator before use.
16. The Pd(PPhg)4 catalyst can be purchased from Aldrich Chemical Company,

inc., or Strem Chemicals Inc. However, it was easily prepared using the procedure of

Coulson® for the synthesis delineated here.
17. Pentane is removed by distillation (bp 36°C). A reflux temperature of 70-75°

is required for the reaction to proceed to completion.

18. Ethylenediaminetetraacetic acid, disodium salt dihydrate, 99+% was
obtained from Aldrich Chemical Company, Inc. and used as received. The EDTA
mixture was heated gently to facilitate dissolution and was allowed to cool to room

temperature prior to use.
19. The anaiytical data for 5-methyl-2,2"-bipyridine are as follows: TLC R;=0.46

{20% EtOAc:80% hexanes); 'H NMR (CDClg, 300 MHz) 5: 2.43 (s, 3 H), 7.35 (dd, 1 H,
J=46,77),7.71(d, 1H,J=7.7), 7.87 (t, 1 H,J = 7.3),8.39 (d, 1 H, J = 7.7), 8.48 (d, 1
H, J = 7.3), 8.55 (s, 1 H), 8.70 (d, 1 H, J = 4.6); 13C NMR (CDCls, 75 MHz) 5: 17.7,
120.0, 120.2, 122.8, 132.8, 136.2, 136.8, 148.5, 149.1, 153.0, 155.7. Anal. Calcd for
Cy1H1oNg: C, 77.62; H, 5.92, N, 16.46. Foung: C, 77.66; H, 5.98; N, 16.37.

Waste Disposal Information

All toxic materials were disposed of in accordance with “Prudent Practices in the

Laboratory”; National Academy Press; Washington, DC, 1985.

56

3. Discussion

As ligands for metal ions, 2,2'-bipyridines find wide application in chemistry.
They have been used in studies of supramolecular assembly,B in bioinorganic
contexts,” and in polymeric materials,8 as well as in discrete small-molecule
analogues.

Traditionaily, methyl-2,2"-bipyridines (methyl bpys) have been prepared by the
Kréhnke method, which involves reaction of pyridinium salts with a,B-unsaturated
ketones followed by treatment with ammonium acetate to effect cyclization.9 They
have also been made by coupling pyridyllithium reagents with pyridyl sulfoxides, 10 by
Ni and other metal-catalyzed cross-coupling reactions,!1 by the Uliman reaction® and
by use of a-oxoketene dithioacetals among a variety of other routes. 12 Many methods
tead to mixtures of isomers or they produce dimethyl byproducts. Nearly all of them
afford products in moderate yields at best. The cross-coupling of a pyridyl zinc reagent
and a pyriayl triflate in the presence of a catalytic amount of paliadium by the Negishi
method!3 as described here constitutes an efficient, large scale, high yield synthesis
of 4-, 5-, and 6-methyl-2,2'-bipyridine. These methy! bpys are readily converted to
bromomethyl and chioromethyl analogues,!4 which are valuable starting materials for
further derivatization.15 Moreover, the halomethyl bipyridines have been used as

ligand initiators in controlied polymerizations.16
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TABLE |

SYNTHESIS OF 2-PYRIDYL TRIFLATES

TABLE II
SYNTHESIS OF METHYL-2,2-BIPYRIDINES

R, R R
R R ! X (1) tBuLi, THF _ ¢
X o NN | (2)2nC; . R
| i | N~ “Br (3) 2-pyridyl triflate, N\ 7N\ / 2
NZ “OH pyridine Z LiCl, Pd(PPhg) N
Ry 0 Ry N7 TOTi ’ ola R,
Product Ry R, Ry Yield (%) Product Ry Ry Rs Yield (%)
4-Methyl Triflate CH, H H 95 4-Methyl-2,2"-bipyridine CH, H H 96
5-Methyl Triflate H CHs H 95 5-Methyl-2,2"-bipyridine H CH, H 94
6-Methy! Triflate H H CHy - 94 6-Methyl-2,2"-bipyridine H H CHj, 93
1. Department of Chemistry, University of Virginia, Charlottesville, VA 22904-4319.
2. Adger, B. M.; Ayrey, P.; Bannister, R.; Forth, M. A_; Hajikarimian, Y.; Lewis, N. J.;
. OFarrell, C.; Owens, N.; Shamji, A. J. Chem. Soc., Perkin Trans. | 1988, 2791.
3. Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J.
Organometallics 1996, 15, 1518. ,
4. Burchat, A. F.; Chong, J. M.; Nielsen, N. J. Organomet. Chem. 1997, 542, 281.
5. Coulson, D. R. Inorg. Synth. 1890, 28, 107.
6. (a) Boulas, P. L.; Gémez-Kaifer, M.; Echegoyen, L. Angew. Chem., Int. Ed. Engl.
1998, 37, 216; (b) Mamula, O.; von Zelewsky, A.; Bernardinelli, G. Angew.
Chem., Int. Ed. Engl. 1998, 37, 290.
7. (a) Gray, H. B.; Winkler, J. R. Annu. Rev. Biochem. 1996, 65, 537; (b) Dandliker,
P. J.; Holmlin, R. E.; Barton, J. K. Science 1997, 275, 1465.
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11.

i2.

13.

14.
15.

16.

For a recent review see: Matyjaszewski, K., Ed. "Controlled Radical
Polymerizations” ACS Symp. Ser. 1998, 685, 2-30.

Krdhnke, F. Synthesis 1976, 1.

(a) Uenishi, J.; Tanaka, T.; Nishiwaki, K.; Wakabayashi, S.: Oae, S.; Tsukube, H.
J. Org. Chem. 1993, 58, 4382; (b) Kawai, T.; Furukawa, N.; Oae, S. Tetrahedron
Lett. 1984, 25, 2548.

Tiecco, M.; Testaferri, L.; Tingoli, M.; Chianelli, D.; Montanucci, M. Synthesis
1984, 736 and references therein.

Potts, K. T.; Winsiow, P. A. J. Org. Chem. 1985, 50, 5405 and references
therein.

(a) Negishi, E.-i.; King, A. O.; Okukado, N. J. Org. Chem. 1977, 42, 1821; (D)
Negishi, E.-i,; Takahashi, T.; King, A. O. Org. Synth., Coll. vol. VI 1993, 430; (c)
Larsen, M.; Jorgensen, M. J. Org. Chem. 1897, 62, 4171.

Savage, S. A.; Smith, A. P.: Fraser, C. L. J. Org. Chem. 1998, 63, 10048.

(a) Collins, J. E.; Lamba, J. J. S.; Love. J. G McAlvin, J. E.; Ng, C.; Peters, B.P.;
Wu, X.; Fraser, C. L. Inorg. Chem. 1999, 38, 2020; (b) Smith, A. P.; Corbin, P.
S.; Fraser, C. L. Tetrahedron Leit. 2000, 41, 2787.

{a) Collins, J. E; Fraser, C. L. Macromolecules 1998, 31, 6715; (b) Wu, X;
Fraser, C. L. Macromolecules 2000, 33, 4053; (c) Fraser, C. L.; Smith, A. P;
Wu, X. J. Am. Chem. Soc. 2000, 122, 9026.
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Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

2-Hydroxy-5-methylpyridine: 2(1H)-Pyridinone, 5-methyl- (8,9); (1003-68-5)

2. Amino-5-methylpyridine: Aldrich Name: 2-Amino-5-picoline: HIGHLY ToxXiC:
3-Picoline, 6-amino- {8); 2-Pyridinamine, 5-methyl- (8); (1603-41-4)

Sodium nitrite: Nitrous acid, sodium salt (8,9); (7632-00-0)
5-Methyl-2-(trifluoromethanesulfonyl)oxypyridine: Methanesulfonic acid, trifluoro-,
5-methyl-2-pyridinyl ester (13); (154447-03-7)

4-Methyl-2-pyridyl triflate: Methanesulfonic acid, trifiuoro-, 4-methyl-2-pyridiny| ester
(13); (179260-78-7)

6-Methyl-2-pyridyl triflate: Methanesulfonic acid, trifluore-, 6-methyl-2-pyridinyl ester
(13); (154447-04-8)

Trifluoromethanesulfonic anhydride: Methanesulfonic acid, trifluoro-, anhydride (8,9);
(358-23-6)

5-Methyl-2,2-bipyridine: 2,2-Bipyridine, 5-methyl- (9); (56100-20-0)
4-Methyl-2,2"-bipyridine: 2,2'-Bipyridine, 4-methyl- (3); (56100-19-7)
6-Methyl-2,2-bipyridine: 2,2"-Bipyridine, 8-methyl- (9); (56100-22-2)

tert-Butyllithium: Lithium, tert-butyl- (8); Lithium, (1,1-dimethylethyl)- (8); (594-19-4)
2-Bromopyridine: HIGHLY ToxiC: Pyridine, 2-bromo- (8,9}: (109-04-6)
Zinc chloride (8,9); (7646-85-7)

Lithium chloride (8,9); (7447-41-8)
Tetrakis(triphenylphosphine)palladium(0): Palladium, tetrakis(triphenylphosphine)-
(8); Palladium, tetrakis(triphenylphosphine)-, (T-4)- (9); (14221-01-3)
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Ethylenediaminetetraacetic acid, disodium salt dihydrate: Acetic acid
(ethylenedinitrilo)tetra-, disodium salt, dihydrate (8); Giycine, N,N'-1 ,2-ethanediylbis[N-
(carboxymethyl)-, disodium sall, dihydrate (9); (6381-92-6)
2-Hydroxy-4-methylpyridine: 2(1H)-Pyridinone, 4-methyl- (9); (13466-41-6)
2-Hydroxy-6-methylpyridine: 2(1H)-Pyridinone, 6-methyl- (9); (3279-76-3)
2-Amino-4-methylpyridine: Aldrich Name: 2-Amino-4-picoline: HIGHLY TOXIC:
4-Picoline, 2-amino- (8); 2-Pyridinamine, 4-methyl- (9); (695-34-1)
2-Amino-6-methylpyridine: Aldrich Name: 2-Amino-6-picoline: HIGHLY TOXIC:
2-Picoline, 8-amino- (8); 2-Pyridinamine, 6-methyl- (9); (1824-81-3)
N-Benzylbenzamide: Benzamide, N-benzyl- (8); Benzamide, N-(phenylmethyl)- (9);
(1485-70-7) "
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ULLMAN METHOXYLATION IN THE PRESENCE OF A 2,5-
DIMETHYLPYRROLE-BLOCKED ANILINE:
PREPARATION OF 2-FLUORO-4-METHOXYANILINE

(Benzenamine, 2-fluoro-4-methoxy-)

N—s

NH,
A /C[ + CH3COCH,CH,COCH, “:I:c?:a /[:[
I F I

110°C F

==
=
N / NaOMe /
CuCl N
B. , e MBOH-
MF
80°C Me F
=

‘ Nt HZNOH - HClI
. o/©: 2 EtaN C{(INHz
EtOH-H0
Me F 80°C2 Me F

Submitted by John A. Ragan, Brian P. Jones, Michae! J. Castaldi, Paul D. Hill, and
Teresa W. Makowski. !

Checked by Samuel W. Ridenour and David J. Hart.
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1. Procedure

A.  1-(2-Fluoro-4-iodophenyl)-2,5-dimethyl-1H-pyrrole. A 500-mL., single-
necked, rouﬁd—borlomed flask with a Teflon-coated magnetic stir bar is charged with 2-
fluoro-4-iodoaniline (50.0 g, 211 mmol) (Note 1), p-toluenesuifonic acid (0.40 g, 2.1
mmol) (Note 2), 250 ml. of toluene (Note 3), and acetonylacetone (29.7 mL, 253 mmol)
(Note 4). A Dean-Stark trap is attached to the flask, and the solution is warmed to
reflux for 1 hr (Note 5). After the solution is cooled to room temperature, it is
transferred to a 500-mL separatory funnel, and washed with one 50-mL portion of
aqueous saturated sodium bicarbonate (NaHCOg), five 50-mL portions of water (Note
6), and one 50-mL portion of brine. The organic phase is dried over anhydrous
magnesium sulfate (MgSO,), filtered, and concentrated to provide a brown, free-
flowing solid (67.5 g, 101.5% of theory) (Notes 7 and 8).

B. 1-(2-Filuoro-4-methoxyphenyl)-2,5-dimethyl-1H-pyrrole. A 500-mL., single-
necked, round-bottomed flask equipped with a condenser and Teflon-coated magnetic
stir bar is flame-dried under a positive pressure of nitrogen, and charged with 1-(2-
fIuoro-4-iodophenyl)-2,5-dimﬁethyl-1H-pyrrole (66.6 g, 211 mmol), sodium methoxide
(NaOMe) (34.2 g, 633 mmo!) (Note 9), copper(l) chloride (3.13 g, 31.7 mmal) (Note
10), 230 mL of methanol (Note 11) and 70,mL of dimethylformamide (DMF) (Note 12).
The resulting slurry is placed in an 80°C oil bath for 90 min (Note 13) so that a gentle

_reflux is maintained, then cooled to room temperature. The sfurry is pourad into a
rapidly stirring mixture of 500 mL of isoproﬁyl ether (Note 14), 220 mL of ag 5%
ammonium chioride (NH,C1) {Note 15), and 350 mL of water in a 2-L Erlenmeyer fiask,
rinsing with several smalt portions of methanol. The resulting slurry is stirred overnight
(Note 16). It is filtered through a 3"-pad of Celite in a coarse-frit glass funnel, and the
filtrate is transferred to a 2-L separatory funnel. The phases are separated, and the

aqueous phase is extracted with three 50-mL portions of isopropyl ether. The
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combined organic phases are washed with 200 mL of aqueous 10% NH4OH (Note
17), filtered through a silica gel pad (Note 18), and concentrated to provide a brown,
free-flowing solid (42.0 g, 92% crude yield) (Note 19). The crude product is
recrystallized by dissolving it in 100 mL of hot hexanes and stirring overnight at rcom
temperature, then collecting the resulting brown solid {34.7 g, 75% yield) (Note 20).

C. 2-Fiuoro-4-methoxyaniline. A 1-L, single-necked flask equipped with a
reflux condenser and Teilon-coated magnetic stirring bar is charged with 1-(2-fluoro-4-
methoxyphenyl)-2,5-dimethyl-1H-pyrrole (34.7 g, 158 mmol), hydroxylamine
hydrochloride (110 g, 1.58 mol) (Note 21), triethylamine {44.0 mL, 316 mmol) (Note
22), 300 ml. of 95% ethanol, and 150 mL of water. The resulting solution is warmed to
reflux for 20 hr (Notes 23 and 24), then cooled to room temperature. The reaction is
quenched by pouring into a rapidly stirred solution of 200-300 mL of ice-cold 1 N
hydrochloric-acid (HCI). This solution is washed with two 250-mL portions of isopropyl
ether, the pH is adjusted to 9-10 by carefui addition of 6 N sodium hydroxide (NaOH),
and the resulting mixture is extracted with two 250-mL portions of isopropyl ether. The
final organic phase is dried over MgSQy, filtered, and concentrated to an oily, brown
solid. This material is triturated with several portions of isopropy! ether with warming
on a steam bath to dissolve gs much product as possible, decanting away from an
insoluble cream colored solid (Note 25). Concentration of these extracts provides a
brown solid (18.1 g, 81% crude yield), which is recrystallized by dissolving in 18 mL .of
hot isopropy! ether, and slowly adding 80 mL of hexanes. After the product is placed
in an ice bath for 1 hr, it is isolated as a brown solid (16.0 g, 72% yield), which is
further purified by trituration at room temperature with 160 mL of water for 16 hr (Note
26): filtration and drying in a vacuum oven (with little if any heating) provide

analytically pure product: 13.0 g, 58% yield (Note 27).
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2. Notes

1. 2-Fluoro-d-iodoaniline was obtained from Aldrich Chemical Company, Inc.,
and used without further purification. 1t can also be prepared by iodination of 2-
fluoroaniline.2

2. p-Toluenesulfonic acid monohydrate was obtained from Aldrich Chemical
Company, Inc., and used without further purification.

3. A.C.S. reagent grade toluene was obtained from J. T. Baker and used as
received.

4. Acetonylacetone (hexane-2,5-dione) was obtained from Aldrich Chemical
Company, Inc., and used without further purification.

5. The reaction can be monitored by TLC (20:1 hexane-ethyl acetate, UV
visualization, SM R; = 0.11, product Ry = 0.56). The submitters indicate that the
reaction can also be monitored by GC/MS (Hewlett-Packard 5890 GC/MS, HP-1
column (12 m x 0.2 mm x 0.33 um), 1 mL/min flow rate, injector temp. 280°C, oven
temp. 133°C for 0.1 min, then ramp 19°G/min to 310°C, hold for 1.65 min): SM R =
153 min, product Ry = 3.10 min. _

6. Multiple aqueous washes assist in removing any excess acetonylacetone.

7. 1H NMR indicates reasonably pyre product, with trace amounts of toluene
and acetonylacetone.

8. The product shows the following physical properties: mp 68-70°C; 1H NMR
(400 MHz, CDClg) 3: 2.03 (s, 6 H), 5.94 (s, 2 H), 7.02 (t, 1 H, J = 8), 7.64 (m, 2 H); 13C
NMR (CDClg) (8 of 9 lines observed) §: 12.5, 92.8, 106.5, 126.1 (d, J = 23), 128.9,
131.9, 134.0 (d, J = 4), 158.1 (d, J = 254); MS (El}: m/z 268 (100); HRMS (FAB) caicd
for C1pHq1NFI (M*) 315.9999, found 315.9995.

9. Sodium methoxide was obtained from Aldrich Chemical Cbmpany, Inc., and

used without further purification. Out of a total of five separate batches of NaOMe (all
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new, unopened botiles) used over a 24-month period, the submitters had one
occasion where the reaction failed to proceed beyond 15-20% conversion. When a
new bottle of NaOMe (different lot number) was used, the reaction worked as usual,
The NaOMe that failed in the Ullman coupliﬁg was found to have fimited solubility in
methanol (MeOH) (bottles that worked displayed MeOH solubilities of >100 mg/mL),
suggestive of contamination by significant quantities of NaOH, possibly from
adventitious water introduced during re-packaging or manufacture.

10. Cuprous chloride (CuCl) was obtained from Aldrich Chemical Company,
Inc., and used without further purification.

11. A.C.S. reagent grade methanol was obtained from J. T. Baker and used as
received.

12. Sure-seal DMF was obtained from Aldrich Chemical Company, Inc., and
used as received.

13. The submitters indicate that the reaction can be monitored by GC/MS (same
conditions as Note 5): SM R = 3.10 min, product R; = 2.50 min.

14, A.C.S. reagent grade isopropyl ether was obtained from J. T. Baker and
used as received.

15. The ammonium chloride solution was prepared by dissolution of 50 g of
NH,4CI (Aldrich Chemical Company, Inc.) in 950 mL of distilied water.

16. The Erlenmeyer is loosely capped with a piece of aluminum foil or a cork
stopper. The submitters havg run this step, which assists in removal of coppe; éalts,
for as short as 16 hr to as long as 60 hr with no change in outcome.

17. The ammonium hydroxide was prepared by dilution of commercial 28-30%
NH,4OH {Baker) with 9 volumes of distillad water.

18. Silica gel, 100 g of 230-400 mesh, was used in an 8-cm diameter, medium-

frit glass funnel.
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19. The crude product is quite pure by "H NMR, and can be carried directly into
the deprotection if desired.

20. The product shows the following physical properties: mp 67-69°C; H NMF
(400 MHz, CDClg) &: 1.97 (s, 6 H), 3.82 (s, 3H), 5.89 (s, 2 H), 6.73 (s, 1 H), 6.75 (d, 1
H J=8), 7.12 , 1 H, J = 8); 13C NMR (CDCl3) (9 of 10 lines observed) &: 12.4, 55.7,
102.3 (d, J = 25), 105.6, 106.0, 1098 (d, J = 3), 129.5, 130.7, 159.1 (d, J = 260); MS
(El): m/iz 219 (100); HRMS (FAB) calcd for C1aH14NFO (M+H) 220.1138, found
520.1127. Product color ranges from light brown to dark brown with no effect on
physical and spectral properties.

21. Hydroxylamine hydrochloride was obtained from Fisher Scientific Company
and used as received.

22. A.C.S. reagent grade triethylamine was obtained from J. T. Baker and used
as received.

23. Because of the potentially explosive nature of hydroxylamine3 the reaction
should be kept behind a blast shield while heating.

24. The submitters indicate that the reaction can be monitored by GGC/MS (same
conditions as Note 5): SM Rt = 2.50 min, product Ry = 0.90 min.

25. *H NMR of this material shows just two singlets (5 2.48 and 1.91),
suggesting that it is derived from acetonylacgtone (possibly the bis-oxime).

26. This water reslurry serves to remove trace residues of the 5 2.48 and 1.91
impurity referred to in Note 25,

27. The product shows the following physical properties (ref 4): mp 46.8-47.1°C;
1H NMR (300 MHz, CDClg) 5: 3.34 (br s, 2 H), 3.72 (s, 3 H), 6.53 (m, 1 H), 6.61 (dd, 1
H,J =3, 10), 6.72 (dd, 1 H, J = 9, 10); 13C NMR (100 MHz, CDClg) §: 56.2, 102.7,
110.2, 118.1, 128.1, 153.3, 152.4. Anal. Caicd for C;HgNFO: C, 59.57; H, 571; N,
9.02. Found: C, 59.62; H, 5.74; N, 9.99. The product color ranges from light brown to

dark brown with no effect on physical or spectral properties.
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Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1995.
3. Discussion

2-Fluoro-4-methoxyaniline has been previously prepared by nitration of 2-
fluorophenolS followed by alkylation with dimethyl sulfate and reduction of the nitro
group.# Nitration delivers a mixture of regicisomers that require chromatographic
separation. The submitters recently required a practical, multi-gram synthesis of this
compound, and concerns with the potential thermal hazards of a nitration reaction,
poor nitration regioselectivity, and handling of dimethyl sulfate led them to investigate
an alternative synthesis. The commercial availability of 2-fluoro-4-iodoaniline
motivated them to investigate an Ullman coupling.8 Thay investigated a variety of
blocking groups for the aniline moiety (the unprotected aniline failed to couple under
standard conditions), and found the 2,5-dimethylpyrrole blocking group to be uniquely
suited for this purpose.” Several other substrates were also investigated, as
summarized in the Table. Interestingly, electron-withdrawing groups on the aromatic
ring led to significantly lower yieids (e.g., entries 7 and 8). However, the
regiochemistry between the 2,5-dimethylpyrrole substituent and the iodide was of little

consequence to the yield of methoxylation.
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Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

2-Fluoro-4-methoxyaniline {8,9); (458-52-8)
1-(2-Fluoro-4-iodophenyl)-2,5-dimethyl-1H-pyrrole: 1 H-Pyrrole, 1-(2-fluoro-4-
iodophenyl)-2,5-dimethyl- (14); (217314-30-2)

2-Fluoro-4-iodoaniline: Aniline, 2-fluoro-4-iodo- (8,9); (29632-74-4)
p-Toluenesulfonic acid monohydrate (8); Benzenesulfonic acid, 4-methyl-,
monohydrale (9); (6192-52-5)

Acetonylacetone: 2,5-Hexanedione (8,9); (110-13-4)
1-(2-Fluoro-4-methoxyphenyl)-2,5-dimethyl-1H-pyrrole: 1H-Pyrrole, 1-(2-fluoro-4-
methoxyphenyl)-2,5-dimethyl- (14); (217314-31-3)

Sodium methqxide: Methanol, sodium salt (8,9); (124-41-4)

Copper(l) chioride: Copper chloride (8,9); (7758-89-6)

N,N-Dimethyiformamide: CANCER SUSPECT AGENT: Forn;amide, N,N-dimethyl- (8,9);
(68-12-2)

Hydroxylamine hydrochloride (8); Hydroxylamine, hydrochioride (9); (5470-11-1)
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1,4,7,10-TETRAAZACYCLODODECANE

8y 1
NH  NH, 2
NH  NH, EtOH N
76%
L |
1
N.zN 1) 6 DIBAL-H, PhCH H~N/ \N.H
B [ I refiux 16 hr [ j
- 2) KOH, Hz0
N7N 58%2 'N N.
H . H

Submitted by David P. Reed and Gary R. Weisman.'

Checked by Maya Escobar and Stephen F. Martin.
1. Procedure

Caution; Hydrogen sulfide (H2S) is generated in Part A of this procedure. The
reaction and associated operations must be carried out with provision for HzS trapping
in an efficient hood. '

A. 2,3,5,6,8,9-H9xahydrodiimidazo[ 1,2-a:2’, v-cjpyrazine (1). A 500-mL, three-
necked, round-bottomed flask is equipped with a 125-mL pressure-equalizing addition
funnel, a Teflon-coated magnetic stirring bar, a fritted-gas dispersion tube (initially
closed) connected to a nitrogen manifold, and a reflux condenser fitted with a nitrogen
(N2) inlet fube connected to the nitrogen manifold. The nitrogen manifold exit line is

routed through two fritted-gas washing bottles charged with 30% aqueous sodium
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hydroxide (NaCH) in order to scrub HzS evolved in the reaction (Note 1). The reaction

flask is charged with 10.0 g (83.2 mmof) of dithiooxamide (Note 2) and 50 mL of
absolute ethanol. A solution of 12.2 g (83.2 mmol) of triethylenetetramine (Note 3) in
50 mL of absolute ethanol is introduced into the reaction flask in one portion via the
addition funnel. The magnetically stirred reaction mixture is heated at reflux for 4 hr
under nitrogen with evolution of HaS and ammonia {NHa) (Note 4). The mixture is then
cooted to rcom temperature and residual H2S and NH3 are purged from the reaction
mixture for 3 hr by entrainment with nitrogen, which is bubbled through the submerged
fritted-gas dispersion tube. Ethanol is removed by rotary evaporation, and the residue
is dissolved in 150 mL of chloroform (CHCl3). The insoluble material is removed by
gravity filtration through a glass wool plug that is inserted in a short-stem glass funnel.
CHCl3 is then removed by rotary evaporation to give 14.0 g of crude product. This
solid is taken up in 50 mL of boeiling toluene, insoluble impurities are removed by
filiration through a glass wool plug, and the flask and funnel are rinsed with a second
50-mL aliquot of boiling toluene (Note 5). The combined filtrates are concentrated to
afford 13.4 g of light yellow crystalline product. Sublimation of this material (0.05 mm,
110°C) affords 10.4 g (76%) of pure (>99%) white product (Notes 6, 7, B).

B. 1,4,7,10-Tetraazacyclododecane (2). A 1-L, three-necked, round-bottomed
fiask charged with 8.96 g (54.6 mmol) of 5;,3,5,6.8,9-hexahydrodiimidazo[1,2-a:2’,1’-
clpyrazine is equipped with a reflux condenser fitted with nitrogen inlet tube, a 500-mL
pressure-equalizing addition funnel, and a Teflon-coated magnetic stirring bar. The
systom is flushed with Ng prior to cannulation of 218 mL (327 mmol) of 1.5 M
diisobutylaluminum hydride (DIBAL-H) in toluene {Note 9) to the addition funnel. The
reaction flask is cooled in an ice/water (Hz0) bath and the DIBAL-H solution is added
to the reaction flask with stirring over 5 min. The reaction mixture is heated at reflux
_under nitrogen for 16 hr (Note 10). The reaction flask is again cooled in an ice/H20

bath prior to the addition of 200 mL of toluene. Excess DIBAL-H is quenched by the
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cautious dropwise addition of 20 mL of 3 M aqueous potassium hydroxide (KKOH)
solution. When gas evolution ceases, 350 mL of 3 M agueous KOH is added in one
portion and the two-phase mixture is transferred to a separatory funnel (Notes 11, 12).
The phases are separated and chipped ice is added to the aqueous phase, which is
further extracted with ice-cold CHCl3 (12 x 150 mL). The combined organic extracts
are dried over sodium sulfate (NaxS0j4), filtered, and the solvents are removed by
rotary evaporation to afford 6.19 g of white crystalline solid. Subiimation (0.05 mm,

90°C) of this material gives 5.44 g (58%) of product 2 {>98% purity by NMR; Notes 13
14, 15). |

2. Notes

1. The nitrogen manifold (Tygon tubing is suitable) is connected as follows, in
this order: (a) nitrogen source, (b) T-connector to fritted-gas dispersion tube with
shutoff valve or clamp, (c) shutoff valve or clamp {enables nitrogen to be routed
through fritted-ga's dispersion tube when closed and dispersion tube is opened), (d) T-
connector to nitrogen inlet tube on reflux condenser, (e) safety flask, (f) gas washing
bottle #1, (g) gas washing bottle #2, and (h) mineral il exit bubbler (See Figure 1).

2. Dithiooxamide was purchased from Fluka Chemical Corp.

3. Triethylenetetramine was purchased from Aldrich Chemical Company, Inc.,
as a hydrate. Anhydrous triethylenetetramine must be used in this procedure. The
anhydrous tetraamjne was obtained by azeotropic distillation of water (Dean-Stark
trap, 3 days) from a solution of 125 g of the commercial hydrate in 150 mL of toluene.
Analysis by TH NMR verified the removai of water, and no further purification was

necessary.

4. Dithicoxamide dissolved to give a homogeneous orange solution soon after
the initiation of heating.
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5. The hot filtration must be carried out quickly to aveid crystallization of
product. This step can be omitied, but a second sublimation may then be necessary to
obtain product of sufficient purity for reduction to cyclen.

5. Compound 1 has the following physical and spectroscopic properties: mp
148-150°C (lit2 mp 150-151°C); TH NMR (CDClg, 360 MHz) &: 3.26 (s, 4 H), 3.35
[apparent t (XX’ of AA'XX’), 4 H, Jappar = 9.6], 3.86 [apparent t (AA’ of AA'XX'), 4 H,
Jappar = 9.6]; '3C NMR (CDCla, 90.56 MHz) & 45.3, 52.1, 53.9, 155.4; IR (KBr) cm™:
1629 (C=N); MS (El) 164.15 (M)*; Anal. Calcd for CgH12N4: G, 58.52; H, 7.37; N,
34.12. Found: C, 58.38; H, 7.55; N, 34.22.

7. Bisamidine 1 is hydrolyzed in water (in minutes to hours depending upon
purity). While it is not necessary to handle 1 in a dry atmosphere, it is prudent to store
it in a desiccator. '

8. The checkers found that when the reaction was conducted on 1/2 scale,
significantly lower yields (55 - 70% betore sublimation) were obtained.

9. DIBAL-H in toluene (1.5 M) was purchased from Aldrich Chemical Company,
Inc.

10. The submitters found that a small scale (0.4 g of 1) reaction with 5
equivalents of DIBAL-H at reflux for 8 hr afforded product in 94% crude yield. However,
these conditions gave incomplete reduction fand a lower yield when the reaction was
scaled up to 10 g of 1. Therefore, the number of equivalents of DIBAL-H was
increased to 6 and the reaction was run for 16 hr.

11. A small amount of solid remains undissolved, but this tends to be distributed
in the aquecus phase, making filtration at this stage unnecessary.

12. Originally,2 a NaF/HpO workup was used. Soxhlet extraction of the soiids
generated in the work-up was required to obtain good yields of crude 2. The present
aqueous KOH work-up simplifies the procedure and gives comparabie or better yields

of crude 2.
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13. Compound 2 has the following physical and spectroscopic properties: mp
105-107°C; 1H NMR (CDCl3, 360 MHz) &: 2.69 (s, 16 H), 2.16 (brs, 4 H); 13C NMR
(CDCl3, 90.56 MHz) 8: 46.11. TH NMR relative integrations are consistent with
anhydrous 2. There has been much confusion in the literature concerning the mp of 2.
Stetter and Mayer3 ariginally reported mp 35°C. Bueen, et al. reported mp 119-
120°C.4 Zhang and Busch subsequently reporied mp 36-38°C.5 Aldrich and Fluka list
melting point ranges of 110-113°C (97%) and 105-110°C (297%) respectively in their
catalogs. The submitter's mp range for 2 (calibrated thermometer) is lower than that
reported in reference 4, but is consistent with the mp range of sublimed material (no
detectable impurities by high S/N NMR) that they have prepared by the Richman-

Atkins procedure® (mp 105-109°C).
14. The checkers have found it necessary to perform as many as twelve
extractions with cold chloroform to obtain the product from the aqueous solution.

15. The submitters obtained yields as high as 86% at scale.
Waste Disposal Information

All toxic materials were disposed of in accordance with “Prudent Practices in the
Laboratory*; National Academy Press; Washington, DC, 1995.

3. Discussion

The title compound, 2,3 (“cyclen”) and its derivatives are important Iig.ands,7
some of which have biomedical applications® (for example, as ligand components of
MRI contrast agents). Cyclen is commercially available, but expensive.®

This procedure is a medification of the method originally reported by Weisman

2 . .
and Reed.© In the first reaction of the two-step sequence (Step A), a two-carbon
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permanent, covalently-bound template10 is introduced by way of dithiooxamide to
convert triethylenetetramine to tricyclic bisamidine 1. Step A is analogous to the
synthesis of 2,2"-bi-2-imidazoline reported by Forssell in 1891 n Step B is a double
reductive ring expansion, which converts the two amidine (template) carbons of
bisamidine 1 to a -CH2CHz- unit of 2. The reaction is conceptually based upon
Yamamoto and Maruoka's highly regioselective DIBAL-H reduction of bicyclic

amidines to ring-expanded cyclic diamines.'Z .

The advantages of this procedure are: (a} it is shorl and relatively efficient (44-
68% overall yield), (b) it is atom—economic,13 (c) starting materials are readily
available, (d) purifications are simple, and {e) it permits preparation of moderate
quantities of product with modest effort. The disadvantages are the production ot
hydrogen sulfide (highly toxic) in Step A and the required use of DIBAL-H, an active
hydride reducing agent. However, the former can be efficiently trapped and the latter
can be handled safely at the reported scale. '

There are alternative methods for preparation of cyclen. Since the mid-1970's,
the standard method for preparation of cyclen has been based upon the general
Stetter-Richman-Atkins synthesis of macrocyclic polyamines,s'”' a medium-dilution
cyclization approach that uses tosyl protection of nitrogen. The cyclen syntheses
developed by Richman and Atkins® (5 stepg) and related modificalion32'15 {4 steps),
while very reliable, are still labor-intensive sequences that suffer from atom economy
and solvent requirement problems. These problems are largely overcome by the
shorter approach documented here. Three additional syntheses of 2 have recently
appeared in the Iiter:-.uure.w'18 The syntheses (each 3 steps) rely upon carbon
templating for preorganization, subsequent cyclization, and final template removal.
Such an approach may prove superior for large scale production of 2, since active

hydride reducing agents are avoided. However, the procedure reported here is very

satisfactory for the laboratory-scale preparation of 2.
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Appendix

Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

1,4,7,10-Tetraazacyclododecane (9); (294-90-6)

Hydrogen sulfide: HIGHLY TOXIC (8,9); (7783-06-4)

2,3,5,6,8,9-Hexahydrodiimidazo[1 ,2-a:2',1'-c]pyrazine:

Diimidazo[1,2-a:2', 1'-c]pyrazine, 2,3,5,6,8,9-hexahydro- (13); (180588-23-2)
Dithiooxamide: Ethanedithioamide (9); (7F-40-3)

Triethylenetetramine (8); 1,2-Ethanediamine, N,N'-bis(2-aminoethyl)- (9); (112-24-3)
Chloroform: HIGHLY TOXIC. CANCER SUSPECT AGENT: (8); Methane, trichloro- (9);

(67-66-3)
Diisobutylaluminum hydride: Aluminum, hydrodiisobutyl- (8); Aluminum,

hydrobis(2-methylpropyl)- (9); (1191-15-7)
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EFFICIENT SYNTHESIS OF HALOMETHYL-2,2'-BIPYRIDINES:
4,4'-BIS(CHLOROMETHYL)-2,2'-BIPYRIDINE

1. LDA, THF

(2,2'-Bipyridine, 4,4'-bis(chloromethyl)-)
_2.TMSCI
3. EtOH

TMS
|
Cl

Submitted by Adam P. Smith, Jaydeep J. S. Lamba, and Cassandra L. Fraser.!

Checked by Motoki Yamane and Koichi Narasaka.

1. Ppocedure

A. 4,4-Bis[(trimethylsilyl)methyl]-2,2-bipyridine. A 500-mL, two-necked, round-
bottomed fiask (Note 1), equipped with a nitrogen inlet, magnetic stirrer, and rubbet
septum is charged with tetrahydrofuran (THF) (90 mL) {Note 2) and diisopropyiamine
(9.8 mL, 69.7 mmol) (Note 3). The reaction mixture is cooled to -78°C and a solution o
butyllithium (n-BuLi) (1.7 M in hexanes, 36.0 mL, 61.4 mmol) (Note 4) is added. The
solution is stirred at -78°C for 10 min, warmed to 0°C and stirred for 10 min, ther.

cooled back to -78°C. A solution of 4,4-dimethyl-2,2-bipyridine (5.14 g, 27.9 mmol)

(Note 5) in THF (130 mL) (Note 2), prepared in a 250-mL, two-necked, round-bottomed
flask under a nitrogen atmosphere, is added via cannula to the cold lithium
diisopropylamide (LDA) solution. The resulting maroon-black reaction mixture is
stirred at -78°C for 1 hr, then chlorotrimethylsilane (TMSCI) (8.85 mL, 69.7 mmol)
(Note 6) is rapidly added via syringe. After the solution becomes pale blue-green (~10
sec after the TMSCI addition), the reaction is quenched by rapid addition of absolute
ethanol (10 mL). (Note: the reaction should be quenched regardiess of color change
after a maximum of 15 seconds to avoid over silylation). The cold reaction mixture is
poured into a separatory funnel (1 L) containing aqueous saturated sodium
bicarbonate (NaHCOg, ~200 mL) and allowed to warm to ~25°C. The product is
extracted with dichloromethane (CHzClz, 3 x 300 mL); the combined organic fractions
are shaken with brine (~200 mL) and dried over sodium sulfate (NaoSOy4). Filtration
and concentration on a rotary evaporator affords 8.85 g (97%) of 4,4'-
bis[(trimethyisilylymethy]-2,2"-bipyridine as a slightly off-white crystalline solid (Note 7).

B. 4,4"-Bis(chloromethyl)-2,2"-bipyridine. Into a 500-mL, two-necked, round-
bottomed flask (Note 1) equipped with a magnetic stirring bar are placed 5.22 g (15.9
mmol) of 4,4"-bis[(trimethylsilyl)methyl]-2,2"-bipyridine, 15.1 g (63.6 mmol) of
hexachloroethane (Cl3CCCls, Note 8) and 9.65 g (63.6 mmol) of cesium fluoride (CsF,
Note 9) at 25°C under a nitrogen atmosphere. Acetonitrile (260 mL) (Note 10) is
added and the heterogeneous reaction mixiure is stirred at 60°C for ~3.5 hr (or until
TLC indicates that all TMS starting material is consumed). After the mixture is cooled
to 25°C, it is poured into a separatory funnel containing ethyl acetate (EtQOAc) and
water (H20, ~100 mL each). The product is extracted with EtOAc (3 x 100 mL); the
combined organic fractions are shaken with brine (~200 mL) and dried over NasS0Oj4.
Filtration and concentration on a rotary evaporator, followed by flash chromatography
using deactivated silica gel (60% EtOAc: 40% hexanes) (Note 11), gives 3.67 g (91%)

of the chloride as a white solid (Note 12).
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2. Notes

1. Before use, all glassware, needies, and syringes were dried overnight in a
120°C oven..

5. THF was dried and purified by passage through alumina solvent purification
columns? or by distillation over sodium/benzophenane.

3. Diisopropylamine was purchased from Aldrich Chemical Company, Inc., and
distilled over calcium hydride (CaHz) prior fo use.

4. A 1.7 M solution of n-Buli in hexanes was obtained from Aldrich Chemical
Company, Inc. The n-Buli is titrated prior to its use in each reaction using the
following procedure.3 To a 50-mL, round-bottomed flask (Note 1), equipped with
nitrogen inlet and a magnetic stirrer is added N-benzylbenzamide (854 mg, 4.0 mmol)
(as received from Aldrich Chemical Company, Inc.) and THF (40 mL) (Note 2). The
solution is cooled ta -42°C (acetonitrite/dry ice) and n-BulLi is added dropwise to the
biue endpoint (color persists for >30 sec). The molarity is calculated using a 1:1
stoichiometric ratio of N-benzylbenzamide to n-Buli. (Just greater than 1 equivalent of
alkyllithium is needed to reach the endpoint).

5. 4.4'-Dimethyl-2,2-bipyridine was obtained from GFS Chemicals, Inc. or
Tokyo Chemical Industry Co. and used as weceived.

6. Chlorotrimethylsilane (TMSCI) was purchased from Aldrich Chemical
Company, Inc., and used as obtained.

7. The following characterization data was obtained: mp 90-92°C; TH NMR
(CDCl3, 300 MHz) &: 0.04 (s, 18 H), 2.21 (s, 4 H), 6.94 (d, 2 H, J=5,01},8.05 (brs, 2
H), 8.46 (d, 2 H, J = 5.00); 13C NMR (CDCl3, 75 MHz) & -2.2, 27.1, 120.4, 123.0,
148.3, 150.8, 155.5. Anal. Calcd for C4 gHagNoSio: C, 65.79; H, 8.59; N, 8.53. Found:
C, 65.78; H, 8.43; N, 8.76. it has been noted that desilylation occufs after standing in

deuterochloroform (CDCla) overnight. The resulting methyl derivatives have also
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been observed in certain purified TMS bipyridine samples when stored over time.
Therefore, it is best to convert these intermediates to the corresponding halides in a
timely fashion.

8. Hexachloroethane (CI3CCCls), obtained from Aldrich Chemical Company,
Inc., was used as received.

9. Cesium fluoride was purchased from Acros Organics, Inc. or Soekawa
Chemicals Co. and stored in a dry box prior {0 use.

10. Acetonitrile was &istiﬂed over CaHz and stored in a 500-mL Kontes flask
prior to use.

11. Silica gel used for flash chromatography (particle size 0.035-0.075 mm) was
obtained from VWR Scientific Products. Silica chromatography columns were
deactivated by flushing with 10% triethylamine in hexanes and then were washed-with
hexanes prior to use.

12. Spectral properties are as follows: mp 98-100°C; 'H NMR (CDCl3, 300
MHz) 8: 4.63 (s, 4 H), 7.38 (dd, 2 H, J = 1.8, 5.0), 8.43 (s, 2 H), 8.70 (d, 2 H, J = 4.6);
13C NMR (CDCls, 75 MHz) §: 43.9, 120.1, 122.8, 146.7, 149.4, 155.8. Anal. Calcd for
C1oH1gCl2N2: C, 56.94; H, 3.98; N, 11.07. Found: C, 56.82; H, 4.04; N, 11.01.

Waste Disposal Information

. {3 " .
All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1995.
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3. Discussion

Halomethylbipyridines are typically synthesized either by radical halogenation4
or from hydroxymethyibipyridine precursors.5 Radical methods often give rise 1o
mixtures of halogenated species that are difficult to separate with flash
chromatography. A solution to this problem, involving the selective reduction of
polyhalogenated by-products with diisobutylaluminum hydride (DIBAL-H), has
resulted in slight improvements in overall yields.6 While the synthesis of halomethyl
compounds from hydroxymethyl precursors is more efficient than radical halogenation,
such procedures involve many steps, each of which give intermediates in moderate to
high yields.5 Direct trapping of bpy (CHaLi)n with electrophiles has proved
unsuccessful for the generation of halide products.52 The quenching of LDA-
generated carbanions with TMSCI prior 1o halogenation as described here constitutes
an efficient, high. yield synthesis of halomethyl bpys substituted at various positions
around the ring system.”:8

Currently, 2,2'-bipyridine derivatives figure prominently in supramolecular
assembly,? in bicinorganic contexts,'0 in studies of redox electrocatalysis4@ and in
polymeric materials.1t Halomethyl bpys and their various metai complexes have also
been used as initiators for controiled polymerizations of several different monomers

including styrene and 2-alkyl-2-oxazolines. 12
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TABLE |
SYNTHESIS OF (TRIMETHYLSILYL)METHYL-2,2"-BIPYRIDINES

(1) LDA, THF
Methyl-2,2-bipyridine =~ —& MG
(3) EtOH
Product R1 Ra R3 Rq  Yield (%)
4-(Trimethylsityl)-
methyl-2,2'-bipyridine TMSCH2 H H H 93
5-(Trimethylsilyl)-
methyl-2,2"-bipyridine H TMSCHg H H 99
6-(Trimethylsilyl)- ’
methyl-2,2'-bipyridine H H TMSCHz H 97
4,4'-Bis[(trimethylsilyl)-
methyl]-2,2'-bipyridine TMSCH2 H H TMSCHz 97
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TABLE Il
SYNTHESIS OF HALOMETHYL-2,2'-BIPYRIDINES

(Trimethylsiy)methyl-  —c2xe O R4\ \ /
2 2-bipyridine DMF or CHaCN N
Rs R4
Product Ry Ro R3 Rs  Yield (%)
4-Chloromethyl-
2,2'-bipyridine CICH2 H H H | 94
5-Chloromethy!-
2,2"-bipyridine H CICH2 H H 98
6-Chioromethyl-
2,2"-bipyridine H H CICH2 H 95
4,4"-Bis(chloromethyl)-
2,2-bipyridine CICHz H H CiICHz 91
4-Bromomethyl- /
2,2"-bipyridine BrCHp H H H 92
5-Bromomethyi-
2,2"-bipyridine H BrCH2 H H 98
6-Bromomethyl-
2,2'-bipyridine H H BrGHp ' H 99
4,4'-Bis(bromomethyl)-
2,2"-bipyridine BrCHy H H BrCHz 97
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‘ Appendix
Chemical Abstracts Nomenclature (Collective Index lember);

(Registry Number)

4,4-Bis(chloromethyl)-2,2"-bipyridines: 2,2'-Bipyridine, 4,4"-bis(chloromethyl)-
(13); (138219-98-4)

4,4-Bis[(trimethylsilyl)methy]-2,2'-bipyridine: 2,2'-Bipyridine, 4,4'-
bis[(trimethylsilyl)methyl]- (14}, (199282-52-5)

Diisopropylamine (8); 2-Propanamine, N-(1-methylethyl)- (9); (108-18-8)
Butyllithium: Lithium, butyl- (8,9); (109-72-8)

4,4'-Dimethyl-2,2'-bipyridine: 2,2"-Bipyridine, 4,4'-dimethyl- (9); (1134-35-6}
Chiorotrimethylsilane: Silane, chlorotrimethyl- (8,9); (75-77-4)
Hexachloroethane: Ethane, hexachloro- (8,9); (67-72-1)

Cesium flueride (8,9); (13400-13-0)

Acetonitrile: TOXIC (8,9); (75-05-8) /

N-Benzylbenzamide: Benzamide, N-benzyl- (8); Banzamide, N-(phenylmethyl)- (S);
(1485-70-7)
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PREPARATION AND USE OF N,N'-DI-BOC-N"-TRIFLYLGUANIDINE
(Carbamic acid, [[(trifluoromethyl)sulfonyl]carbonimidoyl]bis-,

bis(1,1-dimethylethyl) ester)

NH THO, NEts NTF
A. BocHN NHBoc CHoCl,, -78°C BocHN NHBo¢

NBoc
NTf

EtgN, rt Jj\
NH =t NHBoc¢
B. 2 4 X
©/\ BocHN)L NHBoc CH2Clz, 05 hr ©/\H

Submitted by Tracy J. Baker, Mika Tomioka, and Murray Goodman.!
Checked by Dustin J. Mergott and William R. Roush.

1. Procedure

A. N,N“-di-Boc-N*-triflylguanidine. A 250-mL, two-necked, round-bottomed
flask equipped with a 10-mL pressure-equalizing dropping funnel sealed with a rubber
septum, gas inlet, and a large football-shaped Teflon-coated magnetic stirring bar is
purged with nitrogen (Note 1), The flask is charged with N,N'-di-Boc-guanidine (7.5 g,
29 mmol, Note 2), dichioromethane (100 mL, Note 3), and triethylamine (5.0 mL, 36
mmol, Note 4). The temperature of the mixture is equilibrated 1o -78°C using a dry
icefisopropyl alcohol bath. Triflic anhydride (5.9 mL, 35 mmol, Note 5) is added
dropwise through the dropping funnel over a period of 20 min, and the resuiting
mixiure is allowed to warm to -20°C over 4 hr (Noles 6, 7). A 2 M aqueous sodium
bisulfate solution is added to the mixture at -20°C, such that the reaction temperature

does not rise above -10°C, and the resulting layers are stirred vigorously for 5 min
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(longer stir times lead to decreased yields). The layers are immediately separated,

and the aqueous phase is extracted with dichloromethane (3 x 50 mL). The combined

organic layers are washed with 2 M aqueous sodium bisulfate (8¢ mL), brine (50 mL),

dried (MgSQy,), filtered and concentrated under reduced pressure. The crude material‘

is purified by flash column chromatography (Note 8)7 and dried under reduced

pressure to afford N,N'-di-Boc-N"-trifylguanidine (10 g, 90%, mp 124°C, Noles 9, 10).
B. N,N-Bis(tert-butoxycarbonyl)-N'-benzyiguanidine. An oven-dried, 50-mL,

round-bottomed flask equipped with a magnetic stirring bar is charged with N,N'-di-

Boc-N"-triflylguanidine (1.00 g, 2.55 mmol) and dichloromethane (13 mL, Notes 11,
12). Benzylamine (0.31 mL, 2.8 mmol, Note 13} is added in one portion via syringe at
room temperature. After 30 min, the mixture is transferred to a 60-mL separatory
funnel and washed with 2 M aqueous sodium bisulfate (10 mL) and saturated sodium
hicarbonate (10 mL). Each aqueous layer is extracted with dichloromethane (2 x 10
mL}. The combined organic phases are washed with brine (10 ml), dried (MgSQOy,),
fitered and concentrated under reduced pressure to afford N,N'-di-Boc-N"-

benzylguanidine in quantitative yield (0.89 g, Notes 14, 15).

2. Notes

i

/
1. All glassware was flame-dried and cooled in a desiccator charged with

anhydrous calcium sulfate. Once completely cooled, the glassware was quickly
assembled and purged with nitrogen.

2. N,N'-di-Boc-guanidine [1,3-bis(tert-butoxycarbonyljguanidine, 98%)] was
purchased from Aldrich Chemical Company, Inc. (catalog #: 49,687-1) and used as
received. Alternatively, N,N'-di-Boc-guanidine can be easily synthesized from
guanidine hydrochloride and di-tert-butyl dicarbonate according to the literature

procedure.2
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3. Dichloromethane (Fisher Scientific Company) was predried with calcium
chloride and freshly distilled under argon from calcium hydride prior to use.

4. Tristhylamine (Aldrich Chemical Company, Inc.) was predried with
potassium hydroxide and freshly distilled under argon from calcium hydride prior to

use.
5. Triflic anhydride (trifluoromethanesulfonic anhydride, = 98%) was purchased

from Fluka Chemika and used as received.

6. The reaction mixture turned yellow-orange upon addition of triflic anhydride.

7. The submitters allowed the reaction to warm to -5°C prior to quenching with
with bisulfate solution, and obtained the product in 90% vield. They noted that if the
reaction mixture was allowed to warm above -5°C or stir longer than 4 hr, N,N'-di-Boc-
N"-triflylguanidine degrades to N-mono-Boc-N"-triflylguanidine. The checkers
obtained yields of 71-85% when this procedure was followed exactly. However, if the
reaction was quenched at -20°C, with care not to allow the internal temperature to rise
above -10°C during the quench or to stir longer than 5 min following the quench, the
checkers obtained yields of 93-96%.

8. A column (5 cm in diameter) of silica gel (J. T. Baker, 233-400 mesh, 250 g,
dry-packed) was equilibrated with 20% hexanes in dichloromethane. The crude
material dissolved in a minimal amount of chloroform was loaded on the column and
sluted with 20% hexanes in dichloromethane. Fractions were collected in 15 x 160
mm test tubes. i

9. The compound has ths following characteristics: *H NMR (0.6 M, DMSO-dg;
500 MHz) 8: 1.46 (s, 18 H, CHg), 11.08 (br s, 2 H, NH); 13C NMR (0.6 M, DMSO-dg,
125 MHz) §: 27.5 (6C), 83.4 (2C), 119.1 (g, Jor = 320 Hz), 150.1 (2C), 152.3; IR (neat
film/NaCl plate) cm-1: 1202, 1343, 1557, 1622, 1739, 1788, 3300; FAB-MS m/z
(relative intensity) 414 (M+Na)+, 392 (M+H)+, 336, 280, 236. Anal. Calcd for
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CysHogF3N30gS: C, 36.83; H, 5.15; N, 10.74; F, 14.56; S, 8.19. Found: C, 36.93; H,
521; N, 10.66; F, 14.80; S, 8.33.

10. The submitters report that the production scale of N,N'-di-Boc-N"-
triflylguanidine can be increased ten-fold as long as Note 7 is followed.

11. Reagent grade dichloromethane may be used without further purification.

12. Guanidinylations of less reactive amines may require triethylamine (1.1 eq.)
freshly distilled from calcium hydride.

13. Benzylamine {Aldrich Chemical Company, Inc., 99%) is stored over
polassium hydroxide and used without further purification.

14. The spectral data of N,N'-di-Boc-N"-benzylguanidine matched that reported
in the literature.3 The sample has the following characteristics: 'H NMR (CDCl3, 500
MHz} 5: 1.42 (s, 9 H, CHy), 1.46 (s, 9 H, CHg), 4.57 (d, 2 H, J = 5.2, CHpPh), 7.21-7.20
(m, 5 H, arom.), 8.56 (br s, 1 H, NH), 11.50 (br s, 1 H, NH); 13C NMR (CDClg, 125 MHz)
8: 28.0 (3C), 28.2 (3C), 45.0, 79.3, 83.1, 127.5, 127.7 (2C), 128.7 (2C}), 137.1, 153.1,
156.0, 163.5; IR (KBr) cm-1: 1560, 1628, 1654, 1741; FAB-MS m/z (relativa intensity)
350 (M+H)+, 238, 194, 91; high resolution mass spectrum, caled for C—1 gHa7N3O,: m/z
349.2002, found 349.1997. The product was greater than 95% pure as determined by
1H NMR spectral analysis.

15.‘ The production of N,N'-di-Boc-N"-penzylguanidine can be increased ten-fold

or more.
Waste Disposal Information

All toxic materials were disposed of in accordance with “Prudent Practices in the

Laboratory”; National Academy Press; Washington, DC, 1995.
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3. Discussion

Both natural and nonnatura! guanidine-containing molecules have important
piological activity ranging from antimicrobial, antiviral, and antihypertensive to
neurotoxic.4 Hence, the conversion of amines to guanidines has been a significant
synthetic endeavor for many years. The present method, using N,N'-di-Boc-N"-
triflylguanidine for the guanidinylation of amines is the most efficient and general
approach for most applications in solution and on solid phase.2.5

To date, the most commonly used reagents for the guanidinylation of amines
are derivatives of protected thioureas in the presence of the Mukaiyama reagent,3
pyrazole-1-carboxamidines,& and S-alkylisothioureas.” Protected thioureas in
conjunction with the Mukaiyama reagent have displayed the most versatile usage.
This combination has been successful in the conversion of sterically demanding and
resin-bound amines to protected guanidines.3 However, this method is limited to the
use of highly polar aprotic solvents such as dimethylformamide because of the
solubility properties of the Mukaiyama reagent. Guanidinylations with pyrazole-1-
carboxamidines, and S-alkylisothioureas? are sluggish in comparison to N,N'-di-Boc-
N"-triflylguanidine and are incompatible with solid phase application.

The simple preparation of N,N'-di-Boc-N"-triflylguanidine from a commercially
available source and its straightforward isolation make this reagent extremely
attractive. Guanidiny!ation using N,N'*-di-Boc-N"-triflylguanidine is effective for aminas
bath in solution and on solid phase.2.5 These reactions may be carried out in & variety
of solvents with dichloromethane and chloroform being the most common; however,
reaction rates slow with increase in solvent polarity. The use of protected thioureas
with the Mukaiyama reagent seems to be superior for guanidinylations of sterically

hindered and less reactive amines, but simple product isolation and experimental
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setup of the N,N'-di-Boc-N'-triflylguanidine method make this the reagent of choice for

most applications. Some representative examples are compiled in the Table.2,5

1.

Department of Chemistry and Biochemistry, University of California, San Diego,
La Jolla, CA 92093-0343.

Feichtinger, K.; Zapf, C.; Sings, H. L.; Goodman, M. J. Org. Chem. 1998, 63,
3804.

Yong, Y. F.; Kowalski, J. A; Lipton, M. A. J. Org. Chem. 1997, 62, 1540.

(a) Berlinck, R. G. S. Prog. Chem. Org. Nat. 1985, 66, 119-295; (b) Berlinck, R.
G. S. Nat. Prod. Rep. 1996, 13, 377-409.

(a) Feichtinger, K.; Sings, H. L.; Baker, T. J.; Matthews, K.; Goodman, M. J. Org.
Chem. 1998, 63, 8432; (b) Baker, T. J.; Goodman, M. Synthesis 1999, (Spec.
Iss.} 1423,

(a) Drake, B.; Patek, M.; Lebl, M. Synthesis 1984, 579; (b) Bernatowicz, M. S.;
Wu, Y.; Matsueda, G. R. Tetrahedron Left. 1993, 34, 3389.

Bergeron, R. J.; McManis, J. S. J. Org. Chem. 1887, 52, 1700.
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Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

N,N'-Di-Boc-N"-triﬂylguanidine: N,N‘-Bis(terl-butoxycarbonyl)-N"—triﬂuoromethane-
sulfonylguanidine: Carbamic acid, [[(trifluoromethyl)sulfonyI]carbonimidoyl]bis-,
bis(1,1-dimethylethyl) ester (14); (207857-15-6)

N,N'-Di-Bog-guanidine: 1,3-Bis(tert-butoxycarbonyl)guanidine: Carbamic acid,
carbonimidolybis-, bis(1,1-dimethylethyl) ester (13); (154476-57-0)

Triflic anhydride; Methanesulfonic acid, trifluoro-, anhydride (8,9); (358-23-6)
N,N'-Di-Boc-N"-benzylguanidine: N,N'-Bis(tert—butoxycarbonyl-N"-benzylguanidine:
Carbamic acid, [[(phenylmethyl)imino]methylene]bis-, bis(1, 1-dimethylethyl) ester (13);
(145013-06-5)

Benzylamine (8); Benzenemethanamine (9); (100-46-9)

Guanidine hydrochloride: Guanidine, monohydrochloride (9); (50-01-1)
Di-tert-butyl dicarbonate: Formic acid, oxydi-, di-tert-butyl ester (8); Dicarbanic acid,

bis(1,1-dimethylethyl) ester (9); (24424-99-5)
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TABLE
GUANIDINYLATICN OF AMINES IN SOLUTION AND ON SOLID PHASE USING
N,N-DI-BOC-N"-TRIFLYGUANIDINE

Entry Amine Product Yield (%)
NBoc
NJLNHBoc
NH, H
12 100
H
NH, N T NHBoc
2 j < ] NBoc 89
BocNH N/_\N NHBoc

b HN  NH ‘ BocN ~ NBoc 100

H NHBoc
N
~~_-NH; HO T
® Ho NBoc 100
FmocHN. .CO.H FmocHNYCOZH
moctiN._ L2 H
: {CHa)g
52 (GHz), NH 82
NH, BooN==<
NHBoc
NH,
s ((':Hz)
CH 2)a .
vl ZkhJ AN ﬂ-GIy—Asp(t-Bu)—Ser(t-Bu)—Pro—Rlnk
—-Ala-
BocGly-N H o) i NHBoc
H 0 =<NHBocBOCN=<
BocN
6 NH ((’}:': ) 83°
CH 213
( 2)1:} Al N)\“/H—GIy—Asp(t-Bu)—Ser(t-Bu)—F’n:)NH2
HGly—N H g
H oo

NH - HCI

Segy

guanoxan - HCI

oo
7
O

94¢

®Referance 2. PReference 5a. °Total yield of peptide after cleavage from resin. Reference 5a.
“Total yield of guanoxan - HC| after guanidinylation and Boc removal. Reference 5b.
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REDUCTION OF SULFONYL HALIDES WITH ZINC POWDER:
S-METHYL METHANETHIOSULFONATE

(Methanesulfonothioic acid, S-methyl ester)

Zn powder, CH;COCI
Ethyl acetate

0O o

Submitted by Fabrice Chemia’ and Philippe Karoyan.2

Checked by Mitsuru Kitamura and Koichi Narasaka.
1. Procedure

CAUTION: The reaction must be performed in a well-ventilated hood.

A 1-L, three-necked, round-bottomed flask equipped with a large magnetic
stirring bar, a thermometer, reflux condenser, and a 100-mL pressure-equalizing
addition funnel with a rubber septum is charged with 49 g (0.75 mol) of zinc dust, 1.0
mL. (0.012 mol) of 1,2-dibromoethane, 2.0 mL (0.016 mol) of chlorotrimethylsilane, and
500 mL of ethyl acetate (Note 1). After the mixture is stirred for 15 min at room
temperature, it is heated to reflux by means of an oil bath and 38.7 mL (0.500 moi) of
methanesulfony! chloride (Note 2) is added dropwise through the addition funnei- The
reaction is highly exothermic. At the end of the addition (1 hr), a large part of the zinc
is consumed. The resulting grey suspension is stirred for an additional 15 min. Acetyl
chloride, 35.7 mL (0.502 mol), (Note 2) is then added dropwise (CAUTION : Note 3)
through the addition funnel with care taken to maintain vigorous stirring of the reaction
mixture. After completion of the addition, the resulting mixture becomes clear and no
zinc remains. Heating is maintained for an additional 15 min, and the mixture is

allowed to cool to room temperature. The resulting clear solution is poured intoa 1 M
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aqueous hydrochloric acid solution (ca. 200 mL) and the phases are separated. The
aqueous phase is extracted with ethyl acetate (ca. 200 mL) and the combined organic
phases are washed with brine (ca. 200 mL} and dried over anhydrous magnesium
sulfate, The solvent is removed under reduced pressure and the residual yellow ol is
distiled under reduced pressure to give 24.1 g (76% yield) of methyl

methanethiosulfonate (Note 4) as a colorless liquid, bp 80-83°C/0.5 mm.
2. Notes

1. Zinc dust (<10 micron) was purchased from Aldrich Chemical Company, Inc.
1,2-Dibromoethane and chlorotrimethylsilane were purchased from Acros Chemicals
or Tokyo Chemical Industry Co. and used as received. Ethyl acetate was purchased
from Merck (HPLC grade) and used without any purification.

2. Methanesulfonyl chloride and acetyl chloride were purchased from Acros
Chemicals, Tokyo Chemical Industry Co., and Wako Pure Chemical Indfistries, Lid.
and used as recsived.

3. The reaction is highly exothermic. The addition rate is approximately one
drop per two.seconds, in order to achieve addition within approximately 1 hr. The
reaction mixture must be wall-stirred and mai[ﬂained at reflux during this period to
avoid any uncontrolled event.

4. The product exhibits the following physical and spectral properties: TH NMR
(CDCls, 400 MHz) 5: 2.70 (s, 3 H), 3.32 (s, 3 H); 13C NMR (CDClz, 126 MHz) 8: 18.2.
48.8, IR (film) cm-1: 3030 (weak), 3010 (weak), 2930 (weak), 1430 (medium), 1410
(medium), 1330 (strong), 1300 (strong), 1130 (strong), 960 (strong), 750 (strong).
Microanalysis: Calcd for CoHgO2S2: C, 19.04; H, 4.76. Found: C, 18.99; H, 4.91.
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Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory”; National Academy Press; Washington, DC, 1995,
3. Discussion

Thiosulfonic S-esters3 are powerful sulfenylating reagents,® more reactive than
the commonly used disulfides, and more stable than the very reactive suifenyl halides.
In addition, they have found wide industrial applications as bioiogically active
compounds or in polymer production.3 Their use, however, has been limited by the
lack of easy and practical preparations.

S-Methyl methanethiosulfonate is commercially available, but is expensive.
Other preparation methods involve oxidation of thiols or disulfides by halogens or
peroxides,® reduction of sulfinyl halides5 (which have to be prepared) or sulfonyl
halides with potassium iodide® or copper/bronze? as well as thermolysis of
sulfonylihydrazines.8 Finally, a two-day procedure for the preparation of methyl
methanethiosulfonate has been reported from dimethyl sulfoxide.®

The reaction described above has been successfully applied to the preparation
of various symmetrical thiosulfonic S-esters (Table).10 The procedure described here

gives better and more reproducible results than the one reported before.10

1. Laboratoire de Chimie des OrganoEléments, Tour 44-45, Case 183, Université
Pierre et Marie Curie, 4 place Jussieu, 75252 Paris Cedex 05, France.
2. Laboratoire de Chimie Organique Biologique, Tour 44-45, Case 182, Université

" Pierre et Marie Curie, 4 place Jussieu, 75252 Paris Cedex 05, France.
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3. Fora review, see: Zefirov, N. S.; Zyk, N. V.; Beloglazkina, E. K.; Kutateladze, TABLE10

A. G. Sulfur Rep. 1993, 14, 223. PREPARATION OF SYMMETRICAL THIOSULFONATES FROM SULFONYL
4. (a) Trost, B. M. Chem. Rev. 1978, 78, 363; (b) Palumbo, G.; Ferreri, G CHLORIDES

D’Ambrosio, C.; Caputo, R. Phosphorus Sulfur 1984, 19, 235, and references

cited therein.

’ Starting Material Product Yield
5. (a) Freeman, F.; Bartosik, L. G.; van Bui, N.; Keindl, M. C.; Nelson, E. L. Q
= OO w
Phosphorus Sulfur 1988, 35, 375; (b) Freeman, F. Chem. Rev. 1984, 84, 117; 1 o) 0 %
(c) Freeman, F.; Keindl, M. C. Synthesis 1983, 913. : Q
2 o soact C”s—O‘ﬁ”S—Q-C”’ 90 %
6. Palumbo, G; Capuio, R. Synthesis 1981, 888. 0 °
7. Karrer, P.; Wehrli, W.; Biedermann, E ; dalla Vedova, M. Helv. Chim. Acta 1928, Pr WPro iPr,
) ?
11, 233. 3 "P'—Q'sozm I-PP_Q(?)—— i-Pr 44 %
8. Meier, H.; Menzel, I. Synthesis 1972, 267. Pr WPro Y

9 Laszlo, P.; Mathy, A. J. Org. Chem. 1984, 49, 2281.

. 4 OH;G §02C1 CH30—< >—¥_5—< %OCHS 65 %
10. Chemla, F. Syniett 1998, 894. ) °

. Q 0
/\/SO"’CI /\/i o,
Appendix S ‘ s~ 60 %

Chemical Abstracts Nomenclature {Collective Index Number);

(Registry Number)

Zinc (8,9); (7440-66-6)

$-Methyl methanethiosulfonate: Methanesulfonic acid, thio-, S-methyl ester 8)
Methanesulfonothioic acid, S-methyl ester (9); (2948-92-0)

1,2-Dibromoethane: Ethane, 1,2-dibromo-, (8,9); (106-93-4)
Chlorotrimethylsilane: Silane, chlorotrimethyi-, (8,9); (75-77-4)
Methanesulfony! chloride (8,9); (124-63-0)

Acetyi chloride (8,9); (75-36-5)
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(PHENYL)[2-(TRIMETHYLSILYL)PHENYL]JIODONIUM TRIFLATE.
AN EFFICIENT AND MILD BENZYNE PRECURSOR
(lodonium, phenyl-, 2-(trimethylsilyl)phenyl-, salt with trifluoromethane-

sulfonic acid)

o] SiMe
A. @ +  MegSicl Mo llat) @
HMPA _
cl SiMe,
1
1. TIOH, CHCl SiMe;
B.  Phl(OAc),
: 21 _ I"Ph OTf
2
SiMe, : BUJN*FITHF
C. + [/ \5 Q
- CHaCl
I*Ph OTF 0 e -
2 3

Submitted by Tsugio Kitamura, Mitsuru Todaka, and Yuzo Fujiwara.l
¢

Checked by Ralf Demuth and Rick L. Danheiser.
1. Procedure
A. 1,2-Bis(trimethylsily))benzene (1). A dry, 500-mL, three-necked, round-
bottomed flask is equipped with a large Teflon-covered magnetic stir bar, 100-mL

pressure-equalizing addition funnel, Dimroth c@ndenser (Note 1) fitted with a drying

tube, and a glass stopper. The flask is charged with 9.72 g (0.400 mol) of magnesium
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turnings (Note 2), 70 mL of hexamethylphosphoramide (HMPA) (Note 3), 11.25 mL
(0.100 mol) of 1,2-dichlorobenzene (Note 4), and 0.254 g (1.00 mmol) of iodine (lp)
(Note 5). The addition funnel is charged with 51.0 mL (0.400 mol) of freshly distilled
chlorotrimethylsilane (Note 6). The flask is immersed in an oil bath at 70°C, stirring is
iniiated, and chlorotrimethylsilane is added slowly, dropwise with vigorous stirring.
After completion of the addition, the oil bath is heated to 100°C and the reaction
mixture is stirred at this temperature for 2 days. During this time, the reaction mixture
becomes viscous and finally separates into two phases. The reaction mixture is
cooled to ca. 40°C (Note 7) and poured into a 1-L beaker containing saturated sodium
bicarbonate (NaHCOs3) solution (200 mL), diethyl ether (100 mL), and ice (ca. 100 g).
Solids and unreacted magnesium metal are separated by suction filtration, the filtrate
is transferred to a separatory funnel, and the aqueous phase is extracted with three
150-mL porticns of ether. The combined ethereal extracts are washed with water (500
mL) and saturated sodium chioride (500 mL), dried over anhydrous scdium sulfate,
and filtered. The solvent is evaporated under reduced pressure and the residue is
distilled from a 100-mL, round-bottomed flask with a magnetic stir bar through a 20-cm
Vigreux column at reduced pressure. The fraction boiling at 128-133°C (20 mm) is
collected to afford 16.5-16.7 g (74-75%) of 1,2-bis(trimethylsilyl)benzene (1) (Note 8)
as a colorless liquid.

B. (Phenyl){2-(trimethyisilyl)phenylliodonium triflate (2). A 100-mL round-
bottomed flask equipped with an argon inlet adapter and a magnetic stit bar is
charged with 12.9 g (40.0 mmol) of finely ground {diacetoxyiodo)benzene (Note 9) and
70 mL of dichloromethane (Note 10). The suspension is cooled at 0°C with an ice
hath and 6.9 mL (78 mmol) of trifluoromethanesulfonic acid (Note 11) is added in one
portion by syringe. The resulting clear yellow solution is stirred at room temperature
for 2 hr and a solution of 8.9 mL (40.0 mmol) of 1,2-bis(trimethylsilyl)benzene in 10 mL

of dichloromethane is added dropwise by syringe. The resulting mixture is stirred at
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room temperature for 12 hr, and the solvent is removed by rotary evaporation under
reduced pressure to afford the product as colorless crystals. (When an oily residue is
obtained, it can be crystallized by triturating with diethyl ether.) The crystals are
collected by filtration and washed with 40-mL of diethyl ether to afford 14.7-15.7 g (73-
78%) of (phenyl){2-(trimethylsilyl)phenylliodonium triflate (2) as colorless needles, mp
142-143°C (Notes 12, 13).

C. Generation of benzyne and trapping with furan. A 50-mL round-bottomed
flask fitted with a pressure-equalizing addition funnel equipped with an argon inlet
adapter and a magnetic stir bar is charged with 1.51 g (3.00 mmol) of (phenyl)[2-
(trimethylsilyl)phenylliodonium trifiate (2), 10 mL of dichioromethane, and 1.10 mL
(15.1 mmol) of furan (Note 14). The addition funnel is charged with 3.6 mL (3.6 mmol)
of 1.0 M tetrabutylammonium fluoride (BugN+F-) in tetrahydrofuran (THF) (Note 15).
The flask is placed in an ice bath and the tetrabutylammonium fluoride solution is
added dropwise over ca, 5 min. The reaction mixture is stirred at room temperature for
30 min, and water (20 mL) is added. The aqueous phase is separated and extracted
withv three 10-mL portions of dichloromethane. The combined organic exiracts are
washed with 15 mL of water, dried over anhydrous sodium sulfate, and filtered. The
solvent is evaporated by rotary evaporation under reduced pressure, and the residual
oil is purified by column chromatography through 60 g of silica gel packed in a 4-ci
diameter column (elution with dichloromethane) to give 0.415-0.418 g (96-97%) of 1,4
dihydronaphthalene 1,4-oxide (3) as colorless crystals, mp 52-55°C (Notes 16, 17).

2. Notes

1. A highly efficient reflux condenser is required to avoid the loss of

chlorotrimethylsilane by evaporation during the reaction.
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2. Magnesium turnings were purchased from Nacalai Tesque, Inc. or Fisher
Scientific Company.

3. HMPA, hexamethylphosphoramids, is toxic and a cancer-suspect agent. It
was purchased from Tokyo Kasei Kogyo Co. or Aldrich Chemical Company, Inc. and
distilled from calcium hydride under reduced pressure before use. When
dimethylpropyleneurea (DMPU) was used in place of HMPA, none of the desired
bis(trimethylisilyl)benzene was obtained.

4. 1,2-Dichlorobenzene was purchased by the submitters from Tokyo Kasei
Kogyo Co. and distilled under reduced pressure. The checkers used 98% anhydrous
1,2-dichlorobenzene from Aldrich Chemical Company, Inc., without further purification.

5. lodine was purchased from Tokyo Kasei Kogyo Co. or Aldrich Chemical
Company, Inc., and used as received.

6. The submitters purchased chlorotrimethylsilane from Shin-Etsu Chemicals
and distilled it prior to use. The checkers used 99+% chlorotrimethylisilane from
Aldrich Chemical Compény, Inc., without further purification.

7. If cooled to room temperature, the lower layer solidifies.

8. Bis(trimethylsilyl)benzene (1) has the following spectral properties: TH NMR
(300 MHz, CDClg) &: 0.36 (s, 18 H), 7.28-7.34 {m, 2 H), 7.64-7.68 (m, 2 H); 13C NMR
(75 MHz, CDCl3) 8: 2.0, 127.8, 135.2, 146.0.

9. (Diacetoxyiodo)benzene was purchased from Aldrich Chemical Company,
Inc., and was used as received. }

10. Dichloromethane‘ was distilled from phosphorus pentoxide (P20s) or
calcium hydride prior to use.
11. Trifluoromethanesulfonic acid from Central Glass Co. or Aldrich Chemical

Company, Inc., was employed.
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12. Product 2 has the following spectral properties: 1H NMR (400 MHz, CDClg)
8 0.42 (s, 9 H), 7.26-8.13 (m, 9 H); 13C NMR (100 MHz, CDCl3) 8: 0.1, 114.0, 121.2,
132.2, 133.2, 133.4, 138.5, 139.1, 147.3.

13. The submitters obtained 2 in 86% yield.

14. Furan was purchased from Tokyo Kasei Kogyo Co. or Aldrich Chemical
Company, inc., and distilled prior to use.

15. 1.0 M Tetrabutylammonium fluoride in THF was obtained from Aldrich
Chemical Company, Inc.

16. If the product is obtained as an olil, it is cooled in a -78°C bath to induce
crystallization.

17. Product 3 has the following speciral properties: TH NMR (400 MHz, CDClg)
& 5.69 (s, 2 H), 6.94-6.96 (m, 2 H), 7.00 (s, 2 H), 7.22-7.24 (m, 2 H); '3C NMR (100
MHz, CDCl3) &: 82.2, 120.2, 124.9, 142.9, 148.9.

Waste Disposal information

All toxic materials were disposed of in accordance with “Prudent Practices in the

Lahoratory"; National Academy Press; Washington, DC, 1995.

]

i
3. Discussion

Benzyne is one of a group of reactive intermediates widely applicable to
organic synthesis.2-5 The title hypervalent iodine-benzyne precursor, (phenyl)[2-
(trimethylsilyl)phenylliodonium triflate 2,8 is prepared by only two steps from
commercially available reagents. Products 1 and 2 are stable and easily purified.
The hypervalent iodine-benzyne precursor 2 is obtained as a stable solid and handied

without any precautions. More importantly, benzyne is generated by using
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tetrabutylammonium fluoride under mild and neutral conditions. Therefore, compound
2 is useful for reactions of substrates that cannot be conducted at high temperatures or
under basic conditions.

The advantages of the use of this hypervalent iodine-benzyne precursor 2 are
as follows: (1) The benzyne precursor 2 is a stable crystalline compound up to its
melting point, usually to 130°C. (2) The benzyne precursor 2 is not hygroscopic and is
stable to air; it can be handled without any special precautions. (3) The generation of
benzyne can be conducted under neutral conditions and at room temperature.

The high efficiency of the present precurso} 2 is demonstrated by comparison
with a similar precursor, 2-(trimethylgilyl)phenyl triflate {4), which generates benzyne
under mild conditions (room temperature and neutral).” Benzyne precuisor 2 gives
the adduct, 1,4-epoxy-1,4-dihydronaphthalene 3, quantitatively in the reaction with
furan, while the reaction of benzyne precursor 4 under the same conditions leads to a

lower yield of adduct 3 and needs longer reaction time.

SiMe, ;

BugN*F/THF

+ [/ \S M @)

o] MeCN, r.t., 3.5 h
OTf

4 ‘ 3 61%

The reaction of thiobenzophenones with benzyne shows the superiority of the
present iodine pracursor 2 over benzenediazonium-2-carboxylate (5), which is widely
used.8 The reaction of the hypervalent iodine précursor 2 with thiobenzophenones

affords [4+2] cycloadducts from benzyne and thiophenzophenones under mild
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R R = Me, MeO

conditions. However, the reaction with benzenediazonium-2-carboxylate & gives no
benzyne adducts, but benzoxathianones, which are presumably derived from the

reaction of 2-carboxyphenyl cation and cyclization.

( IW PR @S\th
+ /C:S /O
cOy PH i

5 0

1. Department of Chemistry and Biochemiétry, Graduate School of Engineering,
Kyushu University, Hakozaki, Fukuoka 812-85881, Japan.

2. Hart, H. in "The Chemistry of Triple-Bonded Functional Groups, Supplement C2";
Patai, S., Ed.; John Wiley & Sons: Chichester, 1994; Chapter 18, pp. 1017-1134.

3. Gilchrist, T. L. in "The Chemistry of Triple-Bonded Functional Groups,
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1983; Chapter 11, pp. 383-418.
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Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

(Phenyl) [2-(trimethylsilyl)phenyl]iodonium triflate: lodonium, phenyl-, 2-(trimethylsilyl)-
phenyl-, salt with trifluoromethanesulfonic acid (1:1) (13); (164594-13-2)
1,2-Bis(trimethylsilyl)benzene: Silane, o-phenylenebis[trimethyl- (8); Silane, 1,2-
phenylenebis[trimethyt- (9); {17151-09-6)

Magnesium (8,9); (7439-95-4)

Hexamethylphosphoramide: HIGHLY TOXIC: CANCER SUSPECT AGENT: Phosphoric
triamide, hexamethyl- (8,9) (680-31-9)

1,2-Dichlorobenzene; Benzene, o-dichloro- (8); Benzene, 1,2-dichloro- (9);

(95-50-1)

lodine (8,9); (7553-56-2)

Chlorotrimethylsilane: Silane, chlorotrimethyl- (8,9); (75-77-4)
(Diacetoxyiodo)benzene: Aldrich: lodobenzene diacetate: Benzene, (diacetoxyiodo)-
{8); lodine, bis(aceto-O)phenyl- (9); (3240-34-4)

Trifluoromethanesulfonic acid: HIGHLY CORROSIVE: Methanesulfonic acid, trifluoro-
(8.9); (1493-13-6)

Furan (8,9); (110-00-9)
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Tetrabutylammonium fluoride: Ammonium, tetrabutyi-, fluoride (8); 1-Butanaminium,

N,N,N-tributyl-, fluoride (9); (429-41-4)

4-HYDROXY[1-13C]BENZOIC ACID

(Benzoic-1-13C acid, 4-hydroxy-)
1,4-Dihydronaphthalene 1,4-oxide: 1,4-Epoxy-1,4-dihydronaphthalene: 1,4-

Epoxynaphthalene, 1,4-dihydro- (8,9); (573-57-9) j\ 1. LIHMDS, -76°C
A s 2 BOCOC, 78°C, the | Ot
Ha'°C™ OEt 3. HCl °CH,
CO,Et
13,
j ﬁ . | 1 KO'Bu (0.2 equiv) |
B. EtO 3¢, OEt HMO'Bu, reflux, 2
15 hr
o OH
0,Et O,H
13? 139 z
c. | 2M NaOH |
F 24hr Va
OH OH

Submitted by Martin Lang, Susanne Lang-Fugmann, and Wolfgang Steglich.!
Checked by Tina M. Marks, Nathan X. Yu, and Edward J. J. Grabowski.

1. Procedure

A. Diethyl [2-13C]malonate (Note 1). A flame-dried, 100-mL, round-bottome
Schienk flask equipped with a rubber septum and a magnetic stirring bar is purge
with argon. The flask is charged with 15 ml. of anhydrous tetrahydrofuran (THF) {(Not
2) and 5.8 mL (28 mmol, 2.5 equiv) of hexamethyldisilazane (Note 3). After the
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solution is cooled to 0°C in an ice-water bath, 9.4 mL (23.5 mmol, 2.1 equiv) of a
solution of butyllithium (2.5 M in hexanes) (Note 4) is added slowly via a syringe to the
stirred solution. The ice bath is removed and the mixture is allowed to warm to room
temperature. After the solution is stirred for 30 min, it is cooled to -78°C using an
acetone-dry ice bath and equilibrated for 5 min at the same temperature. Then 1.00 g
{11.2 mmol, 1 equiv) of ethyl [2-13Clacetate (Note 5) is added within 5 min via a
syringe, and the acetate-containing flask is rinsed with 0.5 mL of anhydrous THF.
Stirring is continued at -78°C for 20 min, and 1.07 mL (11.2 mmol, 1 equiv) of ethyl
chloroformate (Note 8) is added within 5 min via a syringe. The mixture is stirred for 1
hr at -78°C, and 5 mL of 8 M hydrochloric acid (HCI) is added in one portion (Note 7).
The mixture is allowed to warm to room temperature, and after the addition of 20 mL of
water, the pH of the soiution is adjusted to 1-2 with 2 M HCI. The mixture is extracted
with diethyl ether (3 x 50 mL), and the combined organic phases are washed
successively with 2 M HCI, water, and brine (30 mL each). The HCI and water phases
are combined and reextracted with ether (50 mL). The organic layer is washed with
brine (20 mL) and added to the combined organic phases. The combined exiracts are
dried over anhydrous sodium sulfate (NaxSOy), filtered and concentrated under
reduced pressure with a rotary evaporator (200 mbar/35°C, 150 mm/35°C). The crude
product is distifled in a microdistillation appargtus at 90 mbar (67.5 mm) 1o give 1.66 g
{(10.3 mmol, 92%) of diethyl [2-13C]malonate as a colorless liquid (Notes 8 and 9).

B. Ethyl 4-hydroxy[1-13C]benzoate. A 100-mL, single-necked, round-bottomed
flask equipped with a magnetic stirring bar, pressure-equalizing addition funnel and a
reflux condenser beyond the dropping funnel (Note 10) is charged with 20 mL of ter-
butyl alcohol (t-BuOH) (Note 11}, 1.01 g (10.5 mmol, 1.05 equiv) of 4H-pyran-4-one
{Note 12), and 1.61'g {(10.0 mmo}, 1 equiv) of diethyl [2-13C]malonate. The condenser
is sealed with a silica gel drying tube, and the stirred solution is put iﬁ an oil bath at

108°C. A solution of 0.22 g (2.0 mmol, 0.2 equiv) of potassium teri-butoxide (Note 13)
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in 20 mL of tert-butyl alcohol (t-BuOH) is added dropwise via the funnel during 20 min;
the mixture turns red and turbid. After the mixture is heated under reflux for 15 hr, it is
allowed to cool fo room temperature. Water (30 mL) is added, followed by 5 mt of 2 M
HC!. After removal of most of the solvent with a rotary evaporator, the aqueous mixture
is extracted with diethyl ether (3 x 50 mL). The combined organic phases are washed
with water and brine (each 30 mL). Drying over NaxSQy, filtration, and removal of the
solvent under reduced pressure with a rotary evaporator affords the crude product.
Flash chrométography on silica gel (Note 14) with ethyl acetate/petroleum ether (4:1)
as eluent affords 1.34 g (8.01 mmol, 80%) of ethyl 4-hydroxy[1-13C]benzoate, mp 112-
113°C (Note 15).

C. 4-Hydroxy[1-13CJbenzoic acid. A 25-mL, one-necked, round-bottomed flask
equipped with a magnetic stirring bar is charged with 1.25 g (7.50 mmol) of ethyl 4-
hydroxy[1-13C}benzoate and 11.3 mL (22.5 mmol, 3 equiv) of 2 M sodium hydroxide
(NaOH). After the solution is stirred for 24 hr at room temperature, 17 mL of 2 M HCl is
added slowly, whereby the product precipitates. Water is added (10 mL}), and the
mixture is extracted with diethyl ether {3 x 50 mL). The combined organic phases are
washed with 1 M HCI (2 x 30 mL). Removal of the solvent under reduced pressure on
a rotary evaporator and drying under reduced pressure affords 1.02 g (7.34 mmol,
98%) of 4-hydroxy[1-13C]benzoic acid (mp 212-213°C) (Note 16), which can be ussd

for feeding experiments without further purification.
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2. Notes

1. The procedure follows closely that of Mueller and Leete? with slight

improvements by the submitters.

2. Tetrahydrofuran was distilled from potassium and benzophenone undsr an
argon atmosphere immediately before use. The checkers used anhydrous THF
purchased from Aldrich Chemical Company, Inc.

3. Hexamethyldisilazane (98%), purchased from Lancaster Synthesis Inc. or
Aldrich Chemical Company, Inc., was used as received.

4. Butyllithium (2.5 M in hexanes) was purchased from Aldrich Chemical
Company, Inc. The actual concentration was determined by titration with
diphenylacetic acid or 4-biphenylmethanol.2

5. Ethyl [2-13C]acetate is commercially available (Aldrich Chemical Company,
Inc.), but expensjve. The compound can be prepared by O-ethylation4.58 of the
cheaper sodium [2-13CJacetate (Aldrich Chemical Company, Inc.) or via [2-13C]acsty!
chioride.”

6. Ethy! chioroformate (97%), purchased from Aldrich Chemical Company, Inc.,
was used as received.

7. The solution should be quenched; prior to warming to room temperature.
Solutions of lithiated ethyl acetate decompose rapidly at 0°C.8

8. The receiver is cooled to -10°C. Cooling to -78°C is not advisable because
obstruction may occur. The product (bp 123-125°C/90 mbar, 67.5 mm) can be
separated from the hydrolysis products trimethylsilanol and traces of
hexamethyldisiloxane.® At the end, the apparatus is rinsed with diethy| ether 1o obtain

all the product.
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. The spectral data are as follows: TH NMR (300 MHz, CDCl3) &: 1.27 (t, 6 H,J
~7.2),3.34(d, 2H,J=132),4.19(q, 4 H, J =7.2); 13C NMR (75 MHz, CDCl3)5: 14.1,
41.7 (13C), 61.5, 166.7 (d, J = 59); MS (EI): 161 [M+] (3), 134 (40), 11 € (100), 106 (7),
80 (52), 61 (31); IR (KBr) cm™: 3465 (br), 2986, 2942, 1754, 1733, 1467, 1448, 1410,
1369, 1319, 1267, 1189, 1151, 1097, 1035, 949, 866, 844, 787, 666, 6 O3.

10. Because of the relatively high melting point of thg golvent (2 3-26°C}, it is not
advisable to put the condenser directly on the flask. With the additiorw funnel between
the flask and the condenser, most of the tert-butyl alcohol is condense-d as a liquid and
does not collect as a solid on the cold condenser.

11. tert-Butyl alcohol (299.7%), purchased from Fluka Chemicaal Corp. or Fisher
Scientific, was used as received.

12. 4H-Pyran-4-one is commercially available (98+%, ARdrich Chemical
Company, Inc.), but the substance is expensive. It can be synthesized by
decarboxylation of chelidonic acid monohydrate (Lancaster Synthessis Inc.) following
the procedure of De Souza and co-workers.10

13. Potassium tert-butoxide (99%), purchased from Fluka CBhemical Corp. or
Aldrich Chemical Company, Inc., was used as received.

14, Flash chromatography was performed on E. Merck silica g=el 230-400 mesh:
150 g of silica ge! was loaded on a 7- x 2-in size column using a mi nimum amount of
ethyl acetate as loading solvent. The checkers used a 80-g silica c=olumn purchased
from Bictage. B

15. The speciral data are as foltows: 'H NMR (300 MHz, CDC 13) &: 1.39 (1, 3 H,
J=7.2),4.36(q, 2 H, J=7.2),6.50 (s, 1 H), 6.85-6.93 (m, 2 H), 7.93-77.99 (m, 2 H); 13C
NMR (75 MHz, CDClz) &: 14.4,61.1, 115.3 (d, J = 1.5), 1227 (13C), 132.0 (d, J = 60),
160.4 (d, J = 9.1), 167.2 (d, J = 77); MS (E1): 167 [M+] (30), 139 (=23), 122 (100), 94
(11), 83 (10); IR (KBr) cm-1: 3218 (br), 1672, 1602, 1583, 1441, W 370, 1306, 1286,
1239, 1189, 1104, 1018, 847, 768, 723, 697, 618.
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16. The spectral data are as follows: *H NMR (300 MHz, DMSO-dg) 8: 6.77-6.85
(m, 2 H), 7.75-7.81 (M, 2 H), 10.2 (s, br, ~0.8 H), 12.4 (s, br, ~0.8 H); (The coupling
pattern of the aromatic protons is even at 600 MHz not clearly resolved.) 13C NMR (75
MHz, DMSO-dg) 8: 115.3, 121.8 (13C), 131.7 (d, J = 59), 161.8 (d, J = 8.5), 167.3 (d,.d
= 74); MS (El) 139 [M+] (100), 122 (94), 94 (20); IR (KBr) cm-1: 3394 (br), 2966, 2631,
2660, 2562, 1677, 1602, 1588, 1504, 1440, 1421, 1309, 1282, 1243, 1169, 1100, 933
852, 766, 617, 548.

Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1995.
3. Discussion

4-Hydroxybenzoic acid acts as biosynthetic precursor for several secondary
metabolites.!!  Since in many cases decarboxylation takes piace on route to the

metabolites,12 ring-13C-labeled 4-hydroxybenzoic acids are in demand for
biosynthetic studies. j

Previous syntheses of ring-labeled 4-hydroxybenzoic acid use many steps and
show low overall yields. 4-Hydroxy[3-13Clbenzoic acid was synthesized in six steps
from ethyl [1-13C]acetate with 2.8% overall yield.13 4-Hydroxy[3,5-13Cz]benzoic acid
was prepared in five steps from [1,3-13C2]acetone with an overall yield of less than
4.5%.120  4-Hydroxy[2,6-13C2lbenzoic acid was generated microbiologically from [1-
13C]glucose by using a mutant strain of Kiebsiella pneumoniae.!4 For 120 mg of
product, 18 g of labeled glucose was necessary. Methy! 4-methoxy[3,5-13Cg]benzoate

was obtained from [1,3-13Cz]acetone in five steps with 32% overall yield.'> Baldwin
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and co-workers18 synthesized methyl 4-methoxy([3,4,5-13C3]benzoate in four steps
from [1,2,3-13C3]acetone without indicating the overall yield.

The present procedure affords 4-hydroxy[1-13C]benzoiE acid from ethyl [2-
13CJacetate in three steps with 72% overall yield. It is based on an observation of
Woodward17 that ethyl 4-hydroxybenzcate is formed by base-catalyzed condensation
of 4H-pyran-4-one with diethyl malonate. The submitters studied several solvent-base
combinations for this reaction and found that tert-butyl alcohol/potassium tert-butoxide
gave the highest yields. When a stoichiometric amount of the base is used, an excess
of 4H-pyran-4-one has to be used.4® This can be avoided by the use of substoichio-
metric amounts as given in the procedure.

The use of ethyl [2-13C]acetoacstate instead of diethyl [2-13C]malonate in the
condensation reaction with 4H-pyran-4-one afforded ethyl 4-hydroxy[1-13C]benzoate
in 87% yield. In this case, 1.1 equiv of 4H-pyran-4-one and 1.1 equiv of potassium tert-
butoxide were optimal. The addition of catalytic amounts of the base was not
satisfactory. Ethyl [2-13CJacetoacetate was prepared from ethyl [2-13Clacetate as
described for disthyl [2-13CImalonate.’8 The maximum yield for this reaction on a 10-
mmol scale was only 70% after distillation. 4H-Pyran-4-one reacted with nitromethane
and potassium tert-butoxide (each 1.1 equiv) to afford 4-nitrophenol in 75% vyield after
purification by flash chromatography. This gives easy access 10 4-nitro[4-13C]phenol.
With 2,4-pentanedione, the condensation with 4H-pyran-4-one under the same
reaction conditions gave 4-hydroxyacetophenone in 45-50% yield after purification.

Ethyl 4-hydroxy[1-13C]benzoate can be converted into other ring-13C-fabeled
compounds like 3,4-dihydroxy[1-3C]benzoic acid, 1,3,4-trihydroxy[1-13C]benzene,

and p,L-{1'-13Cltyrosine 4D
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Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

4-Hydroxybenzoic-1-13C acid: Benzoic-1-13C acid, 4-hydroxy- (14); (211519-30-1)
Diethyl malonate-2-13C: Propanedioic-2-13C acid, diethy! ester (10); (67035-94-3)
1,1,1,3,3,3-Hexamethyldisilazane: Disilazane, 1,1,1,3,3,3-hexamethyl- (8);
Silanamine, 1,1,1-trimethyl-N-(trimethylsilyl)- (9); (899-97-3)

ButyHithium: Lithium, butyl- (8,9); (109-72-8)

Ethyl acetate-2-13C: Acetic-2-13C acid, ethyl ester (9); (58735-82-3)

Ethyl chloroformate: Formic acid, chloro-, ethyl ester (8); Carbonochioridic acid, athyl
ester (8); (541-41-3) .

Ethyl 4-hydroxybenzoate-1-13C: Benzoic-1-13C acid, 4-hydroxy-, ethyl ester (14);
(211519-29-8)

tert-Butyl alcohol (8); 2-Propanol, 2-methyl- (9); (75-65-0)

4H-Pyran-4-one (8,9); (108-97-4)
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Potassium tent-butoxide: tert-Butyl alcohol, potassium salt (8); 2-Propanol, 2-methyl-,
potassium sait (9); (865-47-4)

Diphenylacetic acid: Acetic acid, diphenyl- (8); Benzeneacetic acid, a-phenyl- (9);
(117-34-0)

4-Biphenylmethanol (9); (3597-91-9)

Sodium acetate-2-13C: Acetic-2-13C acid, sodium salt (9); (13291-88-9)
Acetyl-2-13C chloride: Acetyl-2-13G chloride (8,9); (14770-40-2)

Trimethylsitanol: Silanal, trimethyi- (8,9); (1066-40-6)

Hexamethyldisiloxane: Disiloxane, hexamethyl- (8,9); (107-46-0)
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(1'R)-(-)-2,4-0-ETHYLIDENE-D-ERYTHROSE AND ETHYL (E)-(-)-4,6-O-
ETHYLIDENE-(4S,5R,1'R)-4,5,6-TRIHYDROXY-2-HEXENOATE
(1,3-Dioxane-(R)-4-carboxaldehyde, 5-hydroxy-2-methyl-,
[2R-(2c,4,58)]- and D-erythro-Hex-2-enonic aciq, 2,3-dideoxy-4,6-O-
ethylidene-, ethyl ester [2E,4(S)]-)
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Submitted by M. Fengler-Veith, O. Schwardt, U. Kautz, B. Kramer, and V. Jager.!

Checked by Brian Haney, Brian Bucher, and Dennis P. Curran.
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1. Procedure

A. (1'R)-(-)-4,6-O-Ethylidene-D-glucose. A 500-mL, round-pottomed flask is
charged with D-glucose {81.8 g, 454 mmol, Note 1) and paraldehyde (68.0 g, 514
mmol, Note 2). Concentrated sulfuric acid (0.5 mL} is added dropwise within 30 sec
(Note 3) with shaking. The mixture is mechanically shaken for 40 min (Note 4) and

then left for 3 days at room temperature. Ethanol (300 mL, Note 5) js added to the

adhesive, colorless mass, then the pH is adjusted to 6.5-7 (Note 6) by addition ofa 1 N ‘

solution of potassium hydroxide in ethanol (Note 7). The residue is dissolved by
careful heating. During this procedure the pH is maintained Constant by gradual
addition of more 1 N ethanolic potassium hydroxide. Charcoal (5 g, Note 8) is added
to the yellow solution and the mixture is filtered through a Sihtered-glass funnel
containing a 2-cm pad of Celite. The filter cake is washed with hot ethanol (50 mL).
The filtrate, on standing overnight in a freezer at -30°C, deposits a colorless solid
material that is recrystallized from ethanol (90 mL) at -30°C (Note 9) to yield 39.4 g
(42%) of (-)-4,6-O-ethylidene-D-glucose. The combined mgther liquors are
concentrated by rotary evaporation (30°C, 30 mm), followed by remgval of solvent and
excess paraldehyde at room temperature and 0.02 mm (oil vacuum), Recrystallization
of the yellowish solid residue from ethanol a} -30°C as described{above gives another
22.5 g (24%) of product. The combined yield of (1'R)-(-)-4,6-O-ethylidene-D-glucose is
61.9 g (66%), mp 173-174°C (Note 10).

B. (-)-2,4-O-Ethylidene-p-erythrose. A 1-L, three-necked, round-bottomed flask,
equipped with a thermometer and two 200-mL pressure-equalizing dropping funnels,
is charged with a suspension of sodium metaperiodate (69.2 g, 277 mmol, Note 11) in

water (450 mL). The flask is cooled to 0°C using an ice-water bath, A solution of (-)-

4,6-O-ethylidene-D-glucose (29.2 g, 142 mmol, Note 12) in water (120 mL) is added-

dropwise with stirring and under permanent control of the pH (Note 6) and
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temperature. The temperature in the flask should be kept below 10°C, and the pH is
maintained at approximately 4 by dropwise addition of 8 N aqueous sodium hydroxide
(Note 13). After stirring for 3 hr at < 10°C (Note 14), the pH is adjusted to 6.5 by
addition of more 8 N sodium hydroxide (Note 15) and stirring is continued for ancther
2 hr at room temperature. The solution is evaporated under reduced pressure (50°C,
30 mm) and the residue dried at room temperature and 0.02 mm (oil vacuum).” To the
pale-yellow, solid crude product, ethyl acetate (80 mL) is added and the flask is heated
for 2 min at 80°C with stirring. The suspension is fillered and the solid residue is
treated three times with ethyl acetate (80 mL each) as described above. The
combined, filtered extracts are dried over sodium sulfate for 1 hr with stirring and
concentrated by rotary evaporation (30°C, 30 mm), followed by slow (Note 16) removal
of solvent at 0.02 mm (oil vacuum) at room temperature to yield 20.1 g (97%) of (-)-2,4-
O-ethylidene-D-erythrose as a colorless, amorphous solid, mp 120-121°C (Notes 17,
18).

C. Ethyl (E)-(-)-4,6-O-ethylidene-(4S,5R, 1'R)-4,5,6-trihydroxy-2-hexenoate. A
1-L, two-necked, round-bottomed flask, fitted with a nitrogen inlet (Note 19) and a
stopper, is oven-dried (140°C) and flushed with nitrogen. The flask is charged with a
suspension of sodium hydride in paraffin (6.20 g), containing 60% of sodium hydride
(Note 20). The suspension is washed with pentane (3 x 30 mL, Note 21) and the
residue is freed from remaining pentane at 0.01 mm (oil vacuum) to give 3.72 g.(pa.
155 mmol) of sodium hydride. Under nitrogen, a magnetic stirring bar “and
tetrahydrofuran (200 mL, Note 22) are added and the flask is sealed with a septum.
The suspension is cooled to 0°C and triethyl phosphonoacetate (39.2 g, 175 mmol,
Note 23) is added to the stirred sodium hydrideftetrahydrofuran suspension over a
period of 5 - 10 min by means of a 100-mL syringe. The mixture is cooled to -78°C (2-
propanol/dry ice} and a solution of (-)-2,4-O-ethylidene-D-erythrose (mainly as dimer,

14.6 g, 100 mmol) in tetrahydrofuran (200 mL, Note 22) is added by means of a
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syringe over 5-10 min. After the mixture is stirred for 15 min at -78°C, it is allowed to
warm to room temperature and stirred for ancther 45 min. The reaction is quenched
with saturated ammonium chloride solution (250 mL) and transferred to a 2.5-L
separatory funnel with 1200 mL of ether. The aqueous phase is separated and
extracted with ether {4 x 100 mL). The combined organic layers are washaed with a
mixture of saturated sodium bicarbonatefbrine (1:1) (2 x 200 mL), dried for 1 hr over
magnesium sulfate with stirring, filtered, and evaporated to dryness at 30°C/30 mm to
leave 32.0 g of a yellowish oil (Note 24). The crude product is purified by column
chromatography over silica (Note 25) with petroleum ether/ethyl acetate 3/2 as eluent
(Note 28) to yield 19.2 g of a pale-yellow solid. Recrystallization of the product from n-
hexane (Notes 27, 28) affords 15.4 g (71%) of analytically pure ethyl {E)-(-)-4,6-0O-
ethylidene-4,5,6-trihydroxy-2-hexenoate; colorless crystals, mp 62-63°C (Notes 29,
30).

2. Notes

1. D-Glucose (BioChemika, > 99.5%) was obtained from Fluka Feinchemikalien
GmbH, Neu-Uim, Germany or Aldrich Chemical Company, Inc.

2. Paraldehyde (> 97%) was obtaineq from Fluka Feinchemikalien GmbH,
Neu-Ulm, Germany or Acros Chemical Company, and was used without distillation.

3. If the sulfuric acid is added too fast, the reaction mixture becomes brown,
probably from charring of the glucose.

4. The submitters used a shaking machine (IKA Labortechnik KS 250 basic, ca.
500/min). The checkers used a shaking machine from Lab Line Instruments {Mods!
number 4600).

5. The submitters distilled ethanal (lechnical grade) from sodium and diethyl

phthalate. The checkers used absolute ethyl alcohol from Pharmco.
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6. The pH was checked with Merck Universal-Indikatorpapier, range 1-14.

7. Approximately 18 mL of 1 N ethanolic potassium hydroxide was needed.

8. Charcoal (powdered) was obtained from E. Merck KGaA, Darmstadt,
Germany or J. T. Baker Chemical Company.

9. The solids are dissolved in hot ethanol and then kept overnight in the freezer
at -30°C.' The checkers found that standing overnight at -5°C gave similar resits.

10. In deuterium oxide (D20) the product is a 34/66-mixture of a/B-anomers.
The spactral properties of (-)-4,6-O-ethylidene-D-glucose are as follows: 1H NMR (250
MHz, D20) 8: 1.22 (d, 3 H, J = 5.0, CHCHjg), 3.03-3.78 (m, 5 H, 2-H, 3-H, 4-H, 5-H, 6-
Ha), 3.90-4.12 (m, 1 H, 6-Hp), 4.40-5.13 (m, 5 H, 1-H, 3 OH, CHCHg);2a a2 -2.3°
(H2O, 2d, ¢19.7),22 [oy -2.37° (H20, equilibrium, ¢ 19.7).3

11. Sodium periodate (NalO4) (98%) was obtained from Fluka Feinchemikalien
GmbH, Neu-Ulm, Germany or Aldrich Chemical Company, Inc.

12. In several experiments it was found that the yield of 2,4-O-ethylidene-D-
erythrose generally is somewhat lower when the reaction is performed on a larger
scale.

13. Approximately 24 mL of 8 N sodium hydroxide was used.

14. The pH was checked every 30 min and, if necessary, more aqueous sodium
hydroxide was added to keep the pH at 4.

15. Approximately 16 mL of 8 N sodium hydroxide was needed.

16. Caution. The evaporation of the solvent must be done slowly and carefully
because the product shows a strong tendency to foam.

17. It is difficult to give exact spectral properties of (-)-2,4-O-ethylidene-D-
erythrose because of rapid di- and/or oligomerization. The melting points given in the
literature differ from 65-80°C4 to 150-151°C,5 depending on the degree of
oligomerization of the product. With the present procedure, mainly the dimer is

obtained. In order to check the optical purity of the product, it is convenient to compare
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the equilibrium value of specific rotation, as obtained after 2 days in aqueous solution
at room temperature: [al2° -39.5° (Hz0, 2 d, ¢ 1.00).8 [a]’ -36.8° (H20, equilibrium, ¢
8.25),3 [oc]f,5 -36.2° (H20, equilibrium, ¢ 8.2).5 The analytical data of the product were
as follows22 Calcd for CgH19O4 (148.14): C, 49.31; H, 6.80. Found: C, 49.18; H,
7.07: H NMR (200.1 MHz, D20) : 1.38 (d, 3H, J =5.0, CHCH3), 3.39-3.99 (m,1 H,
OCH), 4.08-4.31 (m, 2 H, OCHy), 4.75-5.63 (m, 1 H, OH, CHCH3); 13C NMR (50.3
MHz, D,O/dioxane) 3: 20.1 (CHCH3), 61.2 (CHOH), 67.1, 67.9, 68.4 (CH20), 70.3,
715, 76.0, 78.5, 80.8, 90.6, 91.6 (CHO), 95.6, 97.4, 100.3, 101.2 (O2CHCHa).

18. According to ref. 5, monomeric (-)-2,4-O-ethylidene-D-erythrose may be
obtained by heating a solution of the dimer in ethyl acetate with a catalytic amount of
glacial acetic acid or 100% phosphoric acid for 20 min at 90°C.

19. Nitrogen was dried by means of a Sicapent® (E. Merck) drying tube. The
checkers used dry argon.

20. Sodium hydride (60% sodium hydride in paraffin) was obtained from Fluka
Feinchemikalien GmbH, Neu-Ulm, Germany or Aldrich Chemical Company, Inc.

21. Pentane (technical grade) was purified by distillation from sodium.

22. Tetrahydrofuran was purified by distillation under nitrogen from a blue

~ solution of sédium and benzophenone.

23. Triethyl phosphonoacetate (Aldrich LChemical Company, Inc.) was purified
by distillation (bp 142°C, 10 mm).

24. Grude product contains triethyl phosphonacetate; the isomeric purity (E/Z) of
ethyl 4,6-O-ethylidene-(4S,5R,1'R)-4,5,6-trihydroxy-2-hexencate was > 95 : 5
according to 3C NMR.

25. A 20 cm x 5 ¢m column packed with 200 g of Kieselgel 60, (E. Merck, 0.040-
0.063 mm, 250-400 mesh) was used. The checkers used a 40 cm x 10 cm column

packed with silica ge! (Bowman Chemical Co., 60A) and eluted with 1/1 hexane/ethyl

acetate with similar results.

128

26. Ethyl écetate and petroleum ether (technical grade; boiling range 40-80°C)
were purified by distillation.

27. Hexane (technical grade) was distilled before use.

28. Hexane was added to the solid in 5-mL portions (ca. 35 mL were needed)
until a single phase was formed. On slowly cooling to room temperature, the liquid
again separates into two phases before crystallization staris.

29. The analytical data (after chromatography) were as follows:®6 Calcd for
C10H160s (216.23): C, 55.55; H, 7.46. Found: C, 55.40; H, 7.43. The E/Z ratio was
found to be > 99:1 (determined by HPLC): g = 4.50 min; t, = 3.40 min, eluent
hexane/ethyl acetate 60/40 [LiChrosorb Si 60 column, E. Merck]. (The Z-diastereomer

reference sample was prepared as described in Ref. 7). TLC: Rt = 0.38 (petroleum
ether/ethyl acetate 60/40). [oj2° -41.3° (CHCIg; E/Z > 99:1, ¢ 0.500), mp 62-63°C, rel.

7: [oc]f’,5 -35.2° (CHCI3, ¢ 1.21), mp 59-60°C. 13C NMR (75.5 MHz, CDCl3) 5: 14.2
(OCH3CHa), 20.4 (O2CHCH3), 60.8 (OCH2CH3), 65.1 (C-5), 70.7 (C-6), 79.9 (C-4),
98.8 (02CHCH3), 122.2 (C-2), 143.7 (C-8), 166.7 (C-1); TH NMR (300 MHz, CDClg) &:
1.30 (t, 3H, J =71, OCHaCH3), 1.36 (d, 3 H, J = 5.1, Oo.CHCH3), 2.85 (bs, 1 H, OH),
344 (t, 1H,J=9.5,6-Hg), 3.52 (dt, 1 H,J=4.4,J=95,5-H), 4.01 (ddd, 1 H,4J =17, J
=4.5,J =95, 4-H), 4.14 (dd, 1 H, J = 4.4, J = 9.9, 6-Hp), 4.20 (g, 2 H, J = 7.1,
OCH2CHg), 4.74 (q, 1 H, J = 5.1, 02CHCH3), 6.16 (dd, 1 H, 4J = 1.7, J = 15.8, 2-H),
7.09 (dd,‘1 H J=45,J=158, 3-H). i~
30. In various runs, 20 fo 100 mmol of D-erythrose acetal were used, with yiélds

ranging from 65 to 73%.
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Waste Disposa!l Information

All toxic materials were disposed of in accordance with "Prudent Practices in the
Laboratory"; National Academy Press; Washington, DC, 1995 and "Neue Datenblatter
fiir gefahrliche Aroeitsstoffe nach der Gefahrstoffverordnung®, Welzbacher, U. (Ed:);/

WEKA Fachveriage, Kissing, 1991.

3. Discussion

Optically active Ca-building blocks of type 1 are versatile starting compounds in
organic synthesis. Important members of this class, among numerous others, are
derivatives of threose8:9 and erythrose, respectively, such as 2,4-O-ethylidene-D

erythrose 2, the corresponding “Horner enoate” 3, or the erythritol 4.

Me /NE Me
. o By Ok/?\/\
?\j\ ?\zj\(” NP Co0R Y
o 0 HO O HO HO OH
1 2 3 a

K
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As described here, 2 can be prepared in two steps from commercially available

D-glucese in up to 65% overall yield. Procedures to obtain the ethylidene

glucose10-12 and the ensuing oxidative degradation3.5.12-16 are based on earlier
literature reports. The D-erythrose acetal 2 has also been prepared from D-mannitol in
three steps, with an overall yield of 7%.17 The erythritol 4 can be synthesized from 2
by reduction with sodium borohydride.3 A mixture of Z/E-3 (ca. 2: 1) is known to result

from a Witting reaction of 2 with ethoxycarbonylmethylenetriphenylphosphorane.2a.6.7

130

Erythrose derivatives such as 2-4, with a free hydroxy function, offer many
possibilities for regioselective conversions; in addition, the free hydroxy group in 2 or
3 does or may infiuence the regio- and stereoselectivity of additions to the carbonyl
group. 2,4-O-Ethylidenesrythrose, because of its di- or oligomeric form, is
configurationally stable at room temperature and can be stored for several months at
room temperature, $-18

Both enantiomers of 2,4-O-ethylideneerythose have been used as
intermediates in the preparation of free D- and L-erythrose.12,13,15-17 |p some
reactions it proved advantageous to promote monomer formation of 2 from the
dimer/oligomers by addition of 2-pyridone.2.'® The N-benzylimine20 and some
hydrazones20.21 of 2 have been described earlier in the literature. Imines, nitrones,
oximes, and nitrile oxides derived from 2 were recently employed in a variety of
additions and cycloadditions.2.22,23 Aldehyde 2 has been transformed in various
other Wittig reactions24-26 and in an Abramov reaction with dimethyl phosphite.27
Formation of the diethyldithioacetal 28 the dimethyl phosphonate,29 or the
condensation with nitromethane412:30 represent other uses of 2. 2,3-Epoxyamides
were prepared by treating 2 with stabilized sulfur ylides generated in situ.31 (-)-2,4-0-
Ethylidene-D-erythrose 2 has been used for the preparation of 2-deoxy-D-ribose via
addition of stabilized ylides and subsequent hydrolysis in the presence of mercuric
ion.5 Further, diastereoselective propargyl addition ta the aldehyde 2 was recently

performed with propargyl bromide and zinc.32

1. Institut fir Organische Chemie der Universitat Stuttgart, Pfaffenwaidring 55, D-
70569 Stuttgart.

2. (a) Fengler, M. Diplomarbeit, Universitat Warzburg, 1992; Fengler-Veith, M.
Dissertation, Universitat Stuttgart, 1996; (b) Figera, L.; Jager, V.; Jaroskova, L.;
Kuban, J.; Ondrug, V. Khim. Geterotsikl. Soedin, 1995, 10, 1350; Chem. Abstr.
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Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

(1'R)-{-)-2,4-O-Ethylidene-D-erythrose: 1,3-Dioxane-4-carboxaldehyde, 5-hydroxy-2-
methyl-, [2R-(2e,40,5B)]- (10); (70377-89-8)

Ethyl (E)-(-)-4,6—O—ethy|idene-(4S,5R,1'R)-4,5,6-trihydroxy-2—hexenoate: D-erythro-
Hex-2-enonic acid, 2,3-dideoxy-4,6-O-ethylide ne-, ethyl ester,

Ref. 7: [2E.4(R)]- (12); (125567-87-5)

Ref. 7: [2Z,4(S)}- (12); (125567-86-4)

This prep: [2E,4(S)]-

{(1'R)-(-)-4,6-O-Ethylidene-D-glucose: Glucopyranose, 4,6-0-ethylidene- (8);
D-Glucopyranose, 4,6-O-ethylidene- (9); (1 8465-50-4)

D-Glucose: o-D-Glucgpyranose (8,9); (492-62-6)

Paraldehyde: s-Trioxane, 2,4,6-trimethyl- (8); 1,3,5-Trioxane, 2,4,6-timethyl- (9);
(123-53-7)

Sodium periodate: Periodic acid, sodium salt (8,9); (7790-28-5)

Sodium hydride (8,9); (7646-69-7) -

Triethyl phosphonoacetate: Acetic acid, phosphono-, triethyl ester (B); Acetic acid,

(diethoxyphosphinyl)-, ethyl ester (9); (867-13-0)
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SYNTHESIS OF PENTA-1,2-DIEN-4-ONE (ACETYLALLENE)
(3,4-Pentadien-2-one)

M PPhsbBr, M‘“;,ig' Et;N Hchz—\"/CHs
~PhgPO - HBr
B COMe

— .
— EtaNH Br— 0
(Z+E) 1

Submitted by Thierry Constantieux and Gérard Buono.!
Checked by Dawn M. Bennett and Rick L. Danheiser.

1. Procedure

A 1-L, three-necked flask, equipped with a mechanical stirrer, reflux condenser
fitted with an argon inlet adapter, and pressure-equalizing dropping funnel is charged
with 151 g (0.58 mol) of triphenylphosphine (Note 1) and 350 mL of dichloromethane
(Note 2). The mixture is cooled with an ice-salt bath to -5°C, and maintained under an
argon atmosphere.

A solution of 92 g (0.58 mol) of bromine (Note 3) in 60 mL of dichioromethane is
added dropwise over 1 hr while the reaction mixture is vigorous stirred. instantaneous
decoloration of bromine and formation of a precipitate of dibromotriphgnyl-
phosphorane (PhsPBrs) is observed. After the addition, the reaction mixture is stirred
for an additional 30 min while being cooled in the ice bath.

A solutidn of 57.2 g (0.570 mol) of acetylacetone (Note 4) in 60 mL of
dichloromethane is then added dropwise over 1 hr. An exothermic reaction occurs. At
the end of the addition, the solution is allowed to warm very slowly to room

temperature (Note 5) and stirred at that temperature for 17 hr (Note 6).
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The resulting clear ysllow-orange solution is transferred to a 1-L, one-necked,
round-bottomed flask and concentrated at ca. 20 mm with a rotary evaporator.
Anhydrous diethyl ether (230 mL) is added to precipitate triphenylphosphine oxide
hydrobromide; the solid is separated by suction filtration and washed with two 100-mL
portions of anhydrous ether. The filtrate is concentrated under reduced pressure and
the resulting orange liquid is taken up in 350 mL of anhydrous diethyl ether. This
solution is filtered to separate any remaining salt and transferred to a 500-mt, three-
necked flask equipped with a magnetic stir bar, reftux condenser fitted with an argon
inlet adapter, 7a rubber septum, and a pressure-equalizing dropping funnel.

A solution of 56.7 g (0.56 mol) of triethylamine (Note 7) in 80 mL of anhydrous
diethyl ether is added dropwise to the reaction mixture over 1 hr, and the resulting
mixture is stirred at room temperature for 12 hr.

The triethylamine hydrobromide precipitate is filtered and washed with two 60-
mL portions of diethyl ether. The filtrate is washed with three 30-mL portions of 5%
hydrochloric acid to remove unreacted tristhylamine, and then washed with 25 mL of
cold water (Note 8), dried over anhydrous magnesium sulfate, and filtered.

Diethyl eth;r is removed by distillation (Note 9) and the residual product is
distilled under reduced pressure (Note 10) to afford 30.5 g (65%) of acetylailene (Note

11) as a colorless liquid.
2. Notes

1. Triphenylphosphine was purchased by the submitters from Fluka Chemical
Corp. or Aldrich Chemical Company, Inc., and used without further purification.

2. Dichloromethane was purchased from SDé Co. or Mallinckrodt Inc. and
distilled from calcium hydride. The distilled solvent was passed throﬁgh a piug of

silica gel immediately before use.
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3. Bromine obtained from Janssen Chimica or Aldrich Chemical Company,
Inc., was used as received.

4. Acetylacetone (obtained from Labosi Co. or Aldrich Chemical Company,
Inc.) was distilled prior to use.

5. If the internal temperature is allowed to rise too quickly, rapid decomposition
of 2-bromo-4-oxo-pent-2-ene occurs.

6. The reaction was monitored by 3P NMR spectroscopic analysis. The two
organophosphorus compounds in the reaction mixture show the following spectral
properties (40.54 MHz, CDCl3, external reference: HzPQj4, 85% aqueous solution, 5
ppm): PPh3Bra, 6 = 50.2 and (PPH3OH*, Br -), 8 = 47.4. Complete formation of
(PPhgOH+, Br -) was observed after about 12 hr.

7. Triethylamine from Fluka Chemical Corp. or Aldrich Chemical Company,
Inc., was distilled from potassium hydroxide prior to use.

8. It is essential to use a minimum of water for these washes because of the
high solubility of acetylatlene.

9. To minimize polymerization of acetylallene, ca. 100 mg of hydroquinone is
added to the ether solution prior to concentration.

10. Caution: The highly volatile product must be trapped in a flask cooled in
liquid nitrogen. Acetylallene distills at 48-50°C (60 mm) and is obtained with a purity
of 96.5% as determined by gas chromatographic analysis using a 25-m SE30 capillary
column at 80°C (Vector gas : He, 1 bar; retention time: 4.09 min). ‘

11. The checkers obtained acetylallene in 59-65% yield, while the submitters
report isolating the product in 75% yield. Caution: Acetylallene is an allergen and is
highly lachrymatory. The product exhibits the following spectral properties: IR (film)
cm1: 3025, 1940, 1660, 850; TH NMR (500 MHz, CDClg) &: 2.26 (s, 3 H), 5.25 (d, 2 H,
J=64),577 (1, 1 H, J = 6.4); 13C NMR (125 MHz, CDCl3) 5: 27.0, 79.9, 97.7, 198.6,
217.7.
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Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1995.
3. Discussion

Acetylallene (1) behaves as an excellent dienophile in Diels-Alder reactions
and induces peculiar orienting effects, allowing reactions with high regio- and stereo-
selectivities.2 Retro Diels-Alder reactions of modified adducts of furan and 1 afford a
general method of synthesis of a-functionalized allenes.3

Hydrochlorination of acetylaliene in the presence of N,N'-dimethylhydrazine
dihydrochloride leads stereoselectively to the corresponding B-chloroenone that is a
valuable intermediatg in organic synthesis.4

Transition metal-catalyzed dimerization of acetylallene leads to the expected
dimeric product in mixture with 2-methylfuran.5 The latter compound may be also
obtained by thermal intramolecular cyclization of 1.6 ’

1,3-Dipolar cycloaddition of diazoalkanes to acetylallene leads to five-
membered heterocycies containing two nitrogen,atoms] e.g., pyrazole and pyrazoline
derivatives. Addition of trivalent phosphorus reagents to 1 allows entry to the
exomethylene 1,2-oxaphospholene ring system.8 Triphenylphosphonio groups may
also be used as umpolung agents to change the regioselectivity of the addition of
nucleophilic compounds on acetylallene. bln this case, o,p-unsaturated ketones are
obtained with hetaroatomic substituents in the y-position.®

Acetylallene is-a valuable starting material in o,B-unsaturated y-lactones
synthesis: the tandem nucieophilic addition-aldo! reaction of 1, iodide ion and

aldehydes gives 8-iodohomoallylic alcohols in good yields, which can be further
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transformed to o ,B-unsaturated y-lactones by palladium-catalyzed
cyclocarboxylation.10

Various complex and low yield procedures for the preparation of acetylallene
have been described: oxidation of homopropargylic alcohol with chromium trioxide in
sulfuric acid,’! mild acid hydrolysis of conjugated ethoxyenyne,'2 reaction of
propargyltrimethylsilane with acyl halide,'3 flash vacuum thermolysis of B-keto
trimethylsilyl enol ether!4 and cycloelimination of B-silylethyl sulfoxide.15

The method reported here is a modification of a previously published procedure
by Buono.'® The vields have been increased by control of the reaction temperature
during the first step, i.e., zero to room temperature instead of heating, and by direct
dehydrobromination of the non-purified bromo intermediate. By monitoring the
reaction by 31P NMR spectroscopy, the submitters have determined precisely the end
time of the first step, and that the triphenyiphosphine oxide generated in the medium is
immediately protonated by the hydrogen bromide. One of the major advantages of this
procedure lies in the commercial availability of the starting materials. Moreover, only
two steps, without purification of the intermediates, are required. Thus, the submitters
have developed a new, efficient and cheap procedure for the preparation of

acetylallene in large scale (0.5 mol up to 1 mol).

1. Ecole Nationale Supérieure de Synthése, de Procédés et d'ingéniadie
Chimiques d'Aix-Marseille (ENSSPICAM), U.M.R. 6516 Synthése, Catalﬁse,
Chiralité, Faculté des Sciences et Techniques de St. Jérdme, Université Aix-
Marseille, Avenue Escadrille Normandie-Niemen, 13397 Marseille Cedex 20,
France.

2. Gras, J. L. J. Chem. Res., Synop. 1982, 300.

3. Bertrand, M.; Gras, J.-L.; Galledou, B. S. Tetrahedron Lett. 1978, 2873; Gras, J.
L.; Galledou, B. S.; Bertrand, M. Bull. Soc. Chim. Fr. 1988, 4, 757.
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Gras, J. L. Galledou, B. S. Bull. Soc. Chim. Fr. 1983, (3-4, Pt. 2), 89.

Hashmi, A. S. K. Angew. Chem., Int. Ed, Engl. 1995, 34, 1581.

Hunstman, W. D.; Yin, T.-K. J. Org. Chem. 1983, 48, 1813.

Battioni, P.; Vo Quang, L.; Vo Quang, Y. Bull. Soc. Chim. Fr. 1978, (7-8, Pt. 2),

Acstylacetone: Aldrich: 2,4-Pentanedione (8,9); (123-54-6)
Triphenylphosphine oxide hydrobromide: Phosphine oxide, triphenyl-,lcompd. with
hydrobromic acid (1:1) (9); (13273-31-9)

N e o &

Triethylamine (8); Ethanamine, N,N-diethyl- (9); (121-44-8)
401.

8. Buono, G.: LIinas, J. R. J. Am. Chem. Soc. 1981, 103, 4532.
9. Cristau, H. J.; Viala, J.; Christol, H. Bull. Soc. Chim. Fr. 1985, 980.
10. Zhang, C.; Lu, X. Telrahedron Lett. 1997, 38, 4831.
11. Bertrand, M. C.R. Acad. Sci., Ser. C 1957, 244, 1790; Bertrand, M.; Le Gras, J.

Triethylamine hydrobromide (8); Ethanamine, N,N-diethyl-, hydrobromide (9);
(636-70-4)

Bull. Soc. Chim. Fr. 1962, 2136; Bardone-Gaudemar, F. Ann. Chim. (Paris)
1958, 3, 52.

12. Berirand, M.; Rouvier, G. Bull. Soc. Chim. Fr. 1968, 2533.

13. Piliot, J.-P.; Bennetau, B.; Dunoguas, J.; Calas, R. Tetrahedron Lett. 1981, 22,
3401.

14. Jullien, J.; Pechine, J. M.; Perez, F.; Piade, J. J. Tetrahedron 1982, 38, 1413.

15. Fleming, |.; Goldhill, J.; Perry, D. A. J. Chem. Soc., Perkin Trans. 11982, 7.
1563. 7

16. Buono, G. Synthesis 1981, 872.

;
Appendix i
Chemical Abstracts Nomenciature (Collective Index Number);

(Registry Number)

Penta-1,2-dien-4‘-one: Acetylallene: 3,4-Pentadien-2-one (8,9), (2200-53-5)
Triphenylphosphine: Phosphine, triphenyl- (8,9); (603-35-0)
Bromine (8,9); (7726-95-6)

Dibremotriphenylphosphorane: Phosphorane, dibromotriphenyl- (8,9); (1034-38-5)
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BICYCLOPRQPYLIDENE
(Cyclppropane, cyclopropylidene)

A [>—C02M o EIMgBr, ng::rou, Et,O [>__‘D

OH

B [>__P PhyP - Brs, Py, CHzCly D_P
-15°C - 20°C

OH Br

t-BuOK, DMSO
20°C

Br

Submitted by Armin de Meijere, Sergei |. Kozhushkov, and Thomas Spéth.1

Checked by Florence Geneste and Andrew B. Holmes.
1. Procedure

A. 1-Cyclopropyicyclopropanol. A 4-L, four-necked, round-bottomed fiask
equipped with a mechanical stirrer, thermom!eter and reflux condenser is charged
under nitrogen with 120.2 g (122 mL, 1.2 mol) of methyl7cyclopropanecarboxylate
(Note 1), 85.3 g (89.3 mL; 0.30 mol) of titanium tetraisopropoxide, and 1.45 L of
anhydrous ether (Note 2). To the well-stirred solution, 840 mL (2.52 mol) of
ethylmagnesium bromide as a 3 M solution in ether is added over a period of 4 hr
(Notes 3, 4). The temperature is maintained between 20°C and 25°C with a water
bath. After the addition is complete the black or dark-brown mixture is stirred for an

additional 0.5 hr at the same temperature, then cooled to -5°C, and the reaction is
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quenched by careful addition of 1.56 L of ice-cold aqueous 10% sulfuric acid while the
temperature is maintained between -5°C and 0°C with an acetone-dry ice bath. The
mixture is stirred at 0°C for an additional 1 hr, in which time the precipitate should have
completely dissolved (Note 5), and then is transferred to a 4-L separatory funnel. The
inorganic phase is extracted with 360 mL of ether (Note 6). The combined sthereal
phases are washed with two 600-mL portions of saturated sodium hydrogen
carbonate solution, 600 mL of.saturated brine, dried over anhydrous magnesium
sulfate, and filtered. The solvent is removed from the filtrate under water-aspirator
vacuum at 20°C (Note 7) 1o give 116 g (99%) of 1-cyclopropylcyclopropanol that is
used without further purification (Note 8).

B. 1-Bromo-1-cyclopropylcyclopropane. In a well-ventilated hood, a 2-L, three-
necked, round-bottomed flask, equipped with a magnetic stirrer, thermometer,
dropping funnel, and a refiux condenser, is charged under nitrogen with 327 g (1.24
mol) of triphenylphosphine, and 1.24 L of anhydrous dichloromethane. The solution is
vigorously stirred under acetone-dry ice cocling, as 199 g (64.1 mL, 1.25 mol) of
bromine (Note 9) is added over a period of 0.5 hr at -30°C to -15°C under nitrogen
(Note 10). After an additional 15 min of stirring, a mixiure of 116 ¢ (1.18 mol) of 1-
cyclopropylcyclopropanol and 93.5 g (95.6 mL, 1.18 mol) of anhydrous pyridine is
added dropwise at -15°C over a period of 2 hr. The mixture is stirred at 20°C for an
additional 24 hr under nitrogen. The reflux condenser and the dropping funnel are
removed. The flask is immersed in an oil bath and connected to a 2-L, two-riecked,
round-bottomed flask via a 90° angle glass tube (Note 11). The second flask is cooled
with acetone-dry ice. All the volatite material is bulb-to-buib distilled, at first under
waler-aspirator vacuum and 30°C oil bath temperature, and then under further
reduced pressure (0.1 mm) with a 100°C il bath. The distillation is continued until the
temperature in »the first flask reaches 80°C (Note 12). The receiver flask is allowed to

warm to 20°C, and the solvent is removed by distillation at atmospheric pressure using

143



a 30-cm Vigreux column. The residue is distilled under reduced pressure to give
117.1 g (62%) of 1-bromo-1-cyciopropylcyclopropane (Note 13).

C. Bicyclopropylidene. A 2-L, three-necked, round-bottomed flask equipped
with a magnetic stirrer, thermometer, dropping funnel, and a reflux condenser is
charged under nitrogen with 109 g (0.971 mol} of potassium tert-butoxide (Note 14),
and 1 L of dimethyl sulfoxide (Note 15). The solution is vigorously stirred as 105 g
(0.65 mol) of neat 1-bromo-1-cyclopropylcyclopropane is added over a period of 2 hr
under nitrogen. The temperature is maintained between 20°C and 25°C with a water
bath. The mixture is stirred under a blanket of nitrogen (Note 16) at 20°C for an
additiona! 24 hr. The reflux condenser and the dropping funnel are removed. The
flask is immersed in a water bath and connected via a 90° angle glass tube to a 200-
mL trap cooled with acetone-dry ice. All the volatile material is bulb-to-bulb distifled
into the cold trap under reduced pressure (0.1 mm) at a maximum temperature of 35°C
to 40°C inside the flask (Note 17). The contents of the cold trap are allowed to warm to
20°C, transferred into a 150-mL separatory funnel, washed with four 50-mL portions of
ice-cold water, and then transferred into a preweighed bottle containing 2-3 g of 4 A

molecular sieves. The yield is: 44 g (84%) of bicyclopropylidene (Note 18).
2. Notes

1.. Methyl cyclopropanecarboxylate is obtained from Aldrich Chemical
Company, Inc. The corresponding ethyl ester can aiso be ysed, but esters of higher
alcohols are undesirable because the isolation of 1-cyclopropylcyclopropanol
becomes difficult.

2. Ether is obtained from E. Merck or Aldrich Chemical Gompany, Inc., and

dried using a common procedure. Titanium tetraisopropoxide is obtained from ABCR

or Aldrich Chemical Company, Inc. (97% purity).
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3. Ethylmagnesium bromide (EtMgBr) in ether (3 M) was purchased from
Aldrich Chemical Company, inc. The submitters also prepared it from bromoethane
and magnesium. The concentration of EtMgBr was determined as follows: 1 mL of the
Grignard solution was poured into 30 mL of ice-cold water; 4.00 mL of 1 N HCI solution
was added, and the mixture was stirred until a clear solution was formed. Excess HCI
was measured by titration with 0.1 N NaOH solution.

4. In the course of addition, the extensive evolution of-ethane is observed, and
therefore it is not necessary to maintain a stream of nitrogen.

5. While the precipitate is dissolving, an ice bath should be used to keep the
mixiure cool. The dissoluticn proceeds more rapidly when the precipitate is scrapec
off the walls of the flask from time to time with a spatula (the stirrer should be stopped
for this operation).

6. Only one extraction with ether is necessary. \

7. It is desirable to monilor this evaporation by TH NMR spectroscopy to
remove as much 2-propanol (originating from titanium tetraisopropoxide) as possible.

8. 1-Cyclopropylcyclopropanol is a rather unstable compound that rapidly
rearranges into cyclopropyl ethyl ketone (IR 1707 cm-") in the presence of acids and
bases or upon heating. Therefore, it should be used immediately. The checkers
stored the sample overnight at -78°C. If necessary, it should be s‘;tored no longer than
2-3 days at -78°C. Quantities of 20-30 g can be distilled, bp 65-68°C (32 m_rﬂ);
distillation of larger quantities is accompanied by the formation ofa significant amount
of cyciopropyl ethyl ketone. The physical properties. are as follows: IR {film) cm-1:
3332, 3084, 3007, 1217, 1009 and 935; 1H NMR (250 MHz, CDClz) &: 0-0.9 (m, 2 H),
0.21 (dd, 2 H, J = 8.5, 5.1), 0.25-0.33 (m, 2 H), 0.50 (dd, 2H, J = 6.5, 5.1}, 1.1-1.2 (M, 1
H), 3.83 (s, 1 H), [impurities at 0.6-0.9 {m), 1.1 (d, J = 6.2), 3.83 (m)}; 13C NMR (62.5
MHz, CDCl3) ;. 2.51, 11.20, 16.20, 56.37, {impurities at 8.07, 21.59, 24.89, 63.84]; MS
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(ES*) m/z (rel intensity) 121 [100, (M + Na)*]. Anal. Caled for CgH190: C, 73.4; H,
10.3. Found: C, 71.7; H, 10.4. .

9. Technical grade triphenylphosphine as obtained from BASF or Aldrich
Chemical Company, Inc., is satisfactory. Dichloromethane is obtained from E. Merck
or Fluka Chemical Corp. and dried according to commonly used procedures. Pyridine
is obtained from Aldrich Chemical Company, Inc., or J. T. Baker ("Baker" grade) and
dried by distillation over calcium hydride. Bromine was obtained from Aldrich
Chemical Company, inc., and used as supplied. CAUTION: Bromine is a severe
irritant, causes burns, and is very poisonous.

10. The checkers added pellets of dry ice continuously to the acetone, cooling
the bath to maintain the required temperature.

11. The checkers bent Pyrex glass tubing (0.d. 2 cm) to a 90° angle. The arm
lengths were 17 and 16 cm and terminated in a mate 24/29 ground glass joint. The
longer arm was inserted in the distillation flask to accommodate bumping during the
distillation.

12. The conditions of this bulb-to-bulb distillation are of prime importance: the oil
bath must not be overheated, and the distillation performed with strict temperature
control inside the first flask, otherwise lower yields are obtained. This operation takes
2-3 hr. »

13. The submitters obtained 99.4-120.9 g (66-79%) from 1 mol of
cyclopropylcyclopropancol; they found it essential to carry out the last 5 min of the bulb-
to-bulb distillation under full pumping power with the valve between the pump and the
receiving flask completely open; bp 69-73°C (88 mm). The physical properties are as
follows: IR (film) cm1: 3084, 3039, 1724, 1446, 1415, 1381, 1188, 1112, 1099, 1020
and 955; TH NMR (250 MHz, CDClg) 8: 0.25-0.30 (m, 2 H), 0.56-0.60 (m, 2 H), 0.70
(dd, 2 H, J =6.5,6.5), 1.08 (dd, 2 H, J = 6.5, 6.5), 1.51-1.66 (m, 1 H); 13C NMR (62.5
MHz, CDCl3) &: 6.07, 14.24, 20.58, 36.80. High resolution mass spectrum is as
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follows: (El} m/z 160.9965 [(M+H)*; calcd for CgHy07®Br: 160.9966]. Anal. Caled for
CgHgBr: C, 44.75 ; H, 5.6. Found: C, 45.3, H. 5.7. The mixture has a tendency to foam
upon distillation; if desired, a vacuum distillation capillary can be used to facilitate the
distillation.

14. Potassium tert-butoxide is obtained from ABCR GmbH & Co., Karlsruhe,
Germany or Aldrich Chemical Company, Inc. (95% purity).

15. The checkers purchased dimethyl sulfoxide from Aidrich_ Chemical
Company, Inc., and dried it by distillation (water aspirator) from calcium hydride. The
submitters obtained dimethyl sulfoxide from J. T. Baker ("Baker” grade) and used it
without purification. I .

16. During this stirring’; the nitrogen inlet and outlet are at the top of the reflux
condenser to avoid loss/es’/’ of the volatile product by evaporation. The nitrogen flow
rate was keptto a rr}i,nifﬁyum.

Virfr,JZkJHsé\féél cases, the bulb-to-bulb distillation of bicyclopropylidene from the
reaction mixture was incomplete when the system was evacuated only once.
Therefore, it is recommended that distillation be interrupted as soon as no more
condensation of product in the receiving flask is observed, that the apparatus be
flushed with nitrogen, and then evacuation of the apparatus be repeated to continue
bulb-to-bulb distillation. This procedure may have tc be repeated one or two more
times. Because the meiting point of bicyclopropylidene is only -10°C, care musL be
taken to prevent the connecting tube from clogging with solid bicyclopropylidene. The
checkers ‘used a cold trap similar in design to the Aldrich cold trap, catalog No Z10,
310-1.

18. The submitters obtained a yield of 39.1-42.2 g (75-81%) from 1 moi of 1-
bromo-1-cyclopropylcyclopropane. Bicyclopropylidene can be distilled (bp 100-
102°C); however, polymerization may occur in the distillation flask reducing the vyield.

The physical properties are as foflows: IR (film) cm-1: 3051, 2983, 1410, 1247, 1071
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1048, 1016 and 994; TH NMR (250 MHz, CDCl3) &: 1.17 (s, 8 H); 13C NMR (62.5 MHz,
CDCl3) &: 2.8, 110.2. The 'H and 13C NMR spectra indicated a sample purity > 95%
(the submitters reported 95-97%). Anal. Calcd for CgHs: C, 89.94 ; H, 10.06. Found:
C, 89.03, H. 10.04. The sample was analyzed by gas chromatography (retention time
2.8 min) on an SGE capillary column BP5 (5% methylphenylsiloxane), internal
diameter 0.32 mm, film thickness 0.25 um, length 25 m, flow velocity 30 cm/s, injection
temp 150°C, flame ionization detector 300°C. The column temperature was raised

from 50°C at 10°C/min to 250°C. The checkers found that within a retention time of 3

min the sample purity ranged from 91-97%, but over 25 min the purity ranged from 88-

91%. The checkers were unable to record a mass spectrum.

Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1985.

3. Discussion

This procedure is also applicable to the production of a number of
spirocyclopropanated bicyclopropylidenes? in good yields. Bicyclopropylidene with its
high-lying HOMO3 was demonstrated to possess unique reactivity toward a wide
range of electrophiles and cyclophiles including nucleophilic carbenes to give
complex skeletons and heterocycles in high vields.4 Functional derivatives can also
be prepared directly from bicyclopropylidene.5 Transition metal-catalyzed reactions of
bicyclopropylidene including Heck coupling? allow the preparation of carbocycles,
polyenes and heterocyclic compounds® that are not readily available by other

synthetic methods. Bicyclopropylidene has also been prepared by Simmons-Smith
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monocyclopropanation of the terminal double bond in ethenylidenecyciopropane
{15% vyield),® dimerization of 1-lithiocyclopropene in the presence of lithium amide in
liquid ammonia over a period of 1 month (30% yield),’0 and several multistep

syntheses starting from acetylcyclopropane (15-30% overall yields).1114
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Appendix

Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

Bicyclopropylidene (8); Cyclopropane, cyclopropylidene- (9); (27567-82-4)
1-Cyclopropylcyclopropanol: [1,1-Bicyclopropyl]-1-ol (9); (54251-80-8)

Methyl cyclopropanecarboxylate: Cyclopropanecarboxylic acid, methyl ester (8,9);
(2868-37-3) ‘

Titanium tetraisopropoxide: Isopropy! alcohol, titanium(4-+) salt (8); 2-Propanol,
titanium(4+) sait (9); (546-68-9)

Ethylmagnesium bromide: Magnesium, bromoethyl- (9); (925-80-6)
1-Bromo-1-cyclopropyleyclopropane: 1,1-Bicyclopropyl, 1-bromo- (9); (60629-95-0)
Triphenylphosphine: Phosphine, triphenyl- (8,9); (603-35-0)

Bromine (8,9); (7726-95-6)

Pyridine (8,9); (110-86-1)
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Potassium tert-butoxide: tert-Butyl alcohol, potassiurn salt (8); 2-Propanol, 2-methyl-,

potassium salt (9); (865-47-4)
Dimethyl sulfoxide: Methy! sulfoxide (8): Methane, sulfinyl bis- (9); (67-68-5)
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PREPARATION OF (E)-1-DIMETHYLAMINO-3-tert-
BUTYLDIMETHYLSILOXY-1,3-BUTADIENE
(1,3-Butadien-1-amine, 3-[[(1,1-dimethylethyl}dimethylsilylJoxy]-
N,N-dimethyi-,)

Me
j\/ﬁ\ Ma,NH, MeOH /\j\
A MeD MeN~
’

20°C

B. /\j\ NaHMDS; TBSCI /\)J\
MegN S, MeoN” " “0TBS

-78°C
2

Submitted by Sergey A. Kozmin, Shuwen He, and Viresh H. Rawal.’
Checked by Ruth Figueroa and David J. Hart.

1. Procedure

A. (E)-4-Dimethylamino-3-buten-2-one, 1.2 A 250-mL, round-bottomed flask
equipped with a magnetic stirring bar is charged with acetylacetaldehyde dimethyl
acetal (Note 1) (19.8 g, 0.15 mol), freshly distilled prior to use (67°C, 12 mm). A2.0 M
solution of dimethylamine in methanol (Note 1) (85 mL, 0.17 mol) is then added in one
portion. The resulting yellow solution is stirred al room temperature for 4 hr, and
concentrated on a rotary evaporator. The resulting oil is purified by bulb-to-bulb
distillation (0.25 mm, oven temp 100-120°C) {Note 2) to afford 15.3 g (90%) of the
desired vinylogous amide as a pale-orange oil (Note 3).

B. (E)-1-Dimethylamino-3-tert-butyldimethylisiloxy-1,3-butadiene, 2. A dry, 500-

mL, three-necked, round-bottomed flask is equipped with a pressure equalizing
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addition funnel, a large egg-shaped magnetic slirring bar, and a nitrogen/vacuum
adapter. The apparatus is evacuated and flushed with nitrogen. The flask is charged
witha 1.0 M solutio-n of sodium bis(trimethyisilyl)amide (NaHMDS) in tetrahydrofuran
(THF) (Note 1) (100 mL, 0.100 mol) and the flask is cooled in a dry ice-acetone bath
{-70°C bath temp), causing a viscous, yellowish-white suspension to form. To this
suspension is added, over a period of 30 min via an addition funnel, a solution of (E)-
4-dimethylamino-3-buten-2-one (11.3 g, 0.100 mol) in THF (50 mL). The funnel is
rinsed with a small amount of THF, and the resulting clear-yellow solution is stirred for
1.0 hr at -78°C. A solution of tert-butylchlorodimethylsilane (Note 4) (15.8 g, 0.105
mol) in THF (50 mL) is added over a 5-min period, via an addition funnel. The funnel
is again rinsed with a small amount of THF. The cooling bath is removed and the
reaction mixture is allowed to reach room temperature, which requires about 1.5 hr.
The reaction mixture is poured into a 1-L Erlenmeyer flask containing 600 mL of
anhydrous ether (Note 5). The resulting suspension is allowed to stand for 30 min
and then suction filtered through a pad of dry Celite (60 g) (Noté 6) packed in a 600-
mL sintered glass filter funnel (Note 7). The filter cake is washed with three 50-mL
portions of ether {Note 8), and the filtrate is concentrated on a rotary evaporator
(heating bath temp <45°C). The resulting dark orange oil, containing the diene and
hexamethyldisilazane, is subjected to bulb-to-bulb distillation (110-120°C, 0.3 mm)
(Note 9) to yield 20.4 g (90%} of the desired 1-amino-3-siloxy-1,3-butadiene (Note 10)

as a light-yeliow oil.
2. Notes

1. This reagent was purchased from the Aldrich Chemical Company, Inc.
2. The receiver bulb was cooled with ice as soon as the product started to

distill.
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3. On occasion the vinylogous amide was obtained as a dark oil, but exhibited
good spectroscopic properties. A cleaner-looking sample of the product was obtained
by resubjecting the dark oil to bulb-to-bulb distillation. The checkers used a coffee-
maker bulb-to-bulb distillation apparatus and recorded a bp of 60-80°C at 0.1 mm.
Characterization data follow: IR (neat) cm-1: 1660, 1575, 1436, 1356, 1258, 1112,
962; 'H NMR (300 MHz, CDCl,) &: 2.10 (s, 3 H), 2.88 (br s, 3 H), 2.99 (br s, 3 H), 5.05
(d, 1H,J=128),7.47 (d, 1 H, J = 12.8); '3C NMR (75 MHz, CDCl,) §: 28.0, 36.9, 44.5,
96.6, 152.6, 195.2; mass spectrum (El) 113 (CgH11NO), 98 (base).

4. This reagent was purchased from Lithco, a division of the FMC Corporation.

5. Anhydrous ether was purchased from Fisher Scientific Company and used
without further purification.

6. Celite 545 was purchased from Fisher Scientific Company and was flame-
dried under vacuum just prior to filtration. The Celite was packed tightly into the funnel
using the bottom of a beaker.

7. A sintered-glass Biichner funnel having a C-porous frit was employed.

8. When the fiitration became very slow, the filter cake was stirred with a
spatula to break up the pasty layer on top. The filtration must be done carefully to
minimize transfer of sodium chloride (NaCl) to the filtrate. Lower yields of less pure
product are obtained if considerable amounts of NaCl are present during the
subsequent distillation. If a gel is obtained after remova} of solvent on the rotary
evaporator, too much NaCl is present.

9. A 250-mL flask is used as the pot, connected to a 100-mL collection bulb,
connected to a cold trap (dry ice-acetone) to protect the vacuum pump.
Hexamethyldisilazane is collected first in the cold finger (-78°C). Then, as soon as the
diene starts to distill, the collection bulb is cooled with ice. The checkers recorded a
bp of 60-80°C at 0.07 mm.

154

10. The diene displays the following spectral data: 1R (neat) cm™l; 1648; TH
NMR (500 MHz, CDCl3) &: 0.19 (5,6 H), 0.98 (s, 9 H), 2.70 {s, 6 H), 3.84 (s, 1 H), 3.92
{s,1H),478(d, 1 H,J=13.2),857 (d, 1 H, J = 13.2); 13C NMR (75 MHz, CDCl) &
.46, 18.3, 25.9, 40.5, 85.8, 95.9, 140.9, 156.4; mass spactrum (El) 227 (C12HsNOSI),

156 (base). This material contains trace impurities by 1H and 13C NMR.

Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1995.
3. Discussion

The usefulness of the Diels-Alder reaction continues to grow as new dienes and
dienophiles are developed.3 For the normal demand Diels-Alder reaction, it is well
recognized that electron-donating groups render a diene more reactive toward
electron-poor diencphiles. Moreover, the cycloadditions take place with excellent
regioselectivity and give products possessing useful functional groups.4 The
submitters recently reported the development of 1-amino-3-siloxy-1,3-butadienes, a
new class of highly-reactive hetercatom-containing dienes.5 Clearly related to
dialkoxybutadienes such as the widely used 1-methoxy-3-trimethylsiloXy-1,3-
butadiene, known also as Danishefsky's diene 8 the 1-amino-3-siloxy-1,3-butadienes
possess several properties that make them éynthetically attractive. They are
conveniently prepared, as illustrated above, by deprotonation of readily available
vinylogous amides with potassium bis(trimethylsityl)amide (KHMDS) or NaHMDS,
followed by silylation of the corresponding enolates. The dienes also exhibit very high

reactivity toward a wide range of dienophiles.5.7
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The submitters have investigated several procedures for the preparation of
vinylogous amide 1, the precursor to the aminosiloxydiene. They first prepared this
compound by an Eschenmoser sulfide coniraction between dimethylthioformamide
and bromoacetone.58 While effective, the procedure was not convenient for the
preparation of multigram quantities of the vinylogous amide, because of the difficulty
associated with removal of the triphenylphosphine sulfide by-product. A better
alternative is to react a secondary amine with 4-methoxy-2-butenone.? This addition-
elimination proceeds well with a wide range of secondary amines. The cost
associated with 4-methoxy-2-butenone prompted the investigation of
acetylacetaldehyde dimethyl acetal as a starting material. Not only can this compound
be converted to 4-methoxy-2-butenone, but it can also be treated directly with
secondary amines to yield the desired vinylogous amide. Clean 4-methoxy-2-
butenone can be distilled in 89% yield by heating acetylacetaldehyde dimethyl acetal
containing a catalytic amount of NaOAc to 160-170°C. The procedure described
above was adapted from that reported by Maggiulli and Tang.2

The second step in the above sequencs, deprotonation followed by silylation of
the resulting enolate, was not successful under standard lithium diisopropylamide
(LDA) conditions, presumably because silylation of the lithium enolate was slow. The
deprotonation/silylation can be carried out effectively using KHMDS, which is
available from Aldrich Chemical Company, Inc., as a 0.5 M solution in toluene. This
protocol is quite general for the preparation of various dienes containing different silyl
and amino groups as illustrated in Table 1.5.7 For preparative scale reactions, such as
that described above, the use of NaHMDS was preferred as it is available from Aldrich
Chemical Company, Inc., as 1.0 M solution in THF. The procedure described here
also provides a convenient and high-yielding preparation of Danishefsky's diene (1-

methoxy-3-trimethylsiloxy-1,3-butadiene).8

1566

TABLE |

PREPARATION OF VARIOUS 1-AMINO-3-SILOXY-1,3-DIENES

T|Pso\;N TBso\;q mso\% T.mgN TBSFIK/N\
o M O oy

(90%) (95%) (89%) (90%) (96%)

Aminosiloxy dienes are highly reactive in Diels-Alder reactions, considerably
more so than the analogous dialkoxy dienes.52:9 They undergo [4+2] cycloadditions
with a broad range of electron-deficient dienophiles.57 The reactions generally occur
under very mild conditions and afford the corresponding cycloadducts in good yields
and with complete regioselectivity. A full study on the preparation and cycloadditions
of amino siloxy dienes has been carried out.” In the procedure that follows, a
preparative scale procedure is described for the Diels-Alder reaction of an aminosiloxy
diene, reduction of the electron-withdrawing group in the adduct, and hydrolysis of the

B-aminoenolsilyl ether moiety to the 4-substituted cyclohexenone.
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Appeqdix
Chemical Abstracts Nomenclature {Collective Index Number);

(Registry Number)

(E)-f-Dimethylamino—3-tert-butyldimethylsiloxy-1 3-butadiene: 1,3-Butadien-1-amine,
3-[[(1,1-dimethylethyl)dimethylsilyl]oxy]—N,N-dimethyl-, (E)- (14); (194233-66-4)
(E)-4-Dimethylaminc-3-buten-2-one: 3-Buten-2-one, 4-(dimethylamino)- (E)-;
(2802-08-6)

Acetylacetaldehyde dimethyl acetal: 2-Butanone, 4,4-dimethoxy- (9); (5436-21-5)
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Dimethylamine (8); Methanamine, N-methyl- (9); (124-40-3)
Sodium bis(trimethylsilyl)lamide: NaHMDS: Disilazane, 1,1,1,3,3,3-hexamethyl-,

sodium salt (8); Silanamine, 1,1,1-trimethyi-N-(trimethylsilyl)-, sodium

sait (9); (1070-89-9)
tert-Butyldimethylsilyl chloride: CORROSIVE: Silane, chloro(1,1-dimethylethyl)-

dimethyl- (9); (18162-48-6)
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[4+2] CYCLOADDITION OF 1{-DIMETHYLAMINO-3-tert-

BUTYLDIMETHYLSILOXY-1,3-BUTADIENE WITH METHYL ACRYLATE:

4-HYDROXYMETHYL-2-CYCLOHEXEN-1-ONE
(2-Cyclohexen-1-one, 4-(hydroxymethyl)-)

TBS TBS
A. + "\ )
N CoMe —oo- CO,Me

NMe, NMe,
1 2
B. TBS TBS
LiAlH,, ether
CO,Me P — OH
NM92 NMBE
2 3
TBS )
C.
on o L
20°C OH
NMe,
3 ! 4

Submitted by Sergey A. Kozmin, Shuwen He, and Viresh H. Rawal.'
Checked by Ruth Figueroa and David J. Hart.
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1. Procedure

A. 4-Carbomethoxy-3-dimethylamino- 1-tert-butyldimethyisiloxy-1-cyclohexene,
2. A dry, 250-mL, round-bottomed flask is charged with 1-dimethylamino-3-tert-
butyldimethylsiloxy-1,3-butadiene (16.6 g, 0.073 mol) and anhydrous ether (30 mL)
(Note 1). Methyl acrylate (13.5 mL, 0.15 mol} (Note 2) is added in one portion and the
resulting light yeliow solution is allowed to stand for 20 hr at room temperature. The
solution is concentrated on a rotary evaporator, and the residual methyl acrylate is
removed under high vacuum to afford 22.4 g (98%) of the desired cycloadduct 2, in
good purity, as a pale-yellow oil (Note 3).

B. 4-Hydroxymethyl-3-dimethylamino-1-tert-butyldimethyisiloxy-1-cyclohexene,
3. A dry, 500-mL, three-necked, round-bottomed flask is equipped with a 150-mL
pressure-equalizing addition funnel, a reflux condenser topped with an inert
atmosphere line, a glass stopper, and an egg-shaped magnetic stirring bar. The flask
is charged with lithium aluminum hydride (2.66 g, 0.070 mol) and anhydrous ether (50
mL) (Note 1). The flask is cooled to 5°C in an ice-water bath. A solution of
cycloadduct 2 (22.4 g, 0.072 mol) in ether (80 mL) is transferred to the addition funnel
and added over a 30-min period. The reaction mixture is stirred for another 15 min,
diluted with ether (100 mL), and quenched by dropwise addition of water (8 mL). The
ice-water bath is removed, the resulting gray suspension is allowed to reach_room
temperature, and the mixture is stirred vigorously for an additional 60 min. The mixture
is transferred to a 1.0-L Erlenmeyer flask and diluted with 350 mL of ether. Anhydrous
sodium sulfate (NayS0,) (80 g) is added, the suspension is stirred for 30 min, and
filtered. The filter cake is washed twice with ether (50 mL each time). The solvent is
removed on a rotary evaporator and the remaining volatile material is removed under
high vacuum to afford 18.6 g {91%) of the desired amino alcohol 3 as a viscous clear

oil (Note 4).
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C. 4-Hydroxymethyl-2-cyclohexen-1-one, 4. (Caution: Hydroflucric acid (HF)
is extremely toxicl) A 500-mL, round-bottomed flask equipped with a magnetic stirring
bar is charged with amino alcohol 3 (16.0 g, 0.056 mol) and tetrahydrofuran (THF)
(300 mL). The flask is cooled to 5°C in an ice-water bath. A 4.0 M solution of HF in
THF (32 mL, 0.128 mol) (Note 5) is added over 15 min to the cold solution of the amino
alcohol. The reaction mixture is stirred at room temperature for 20 hr. THF is removed
on a rotary evaporator, maintaining the bath temperature below 40°C. Ethyl acetate
(250 mL) is added, and the organic layer is washed with 1.2 M agueous hydrochloric
acid (HCI) solution (40 mL). The aqueous layer is reextracted with ethyl acetate (5 x
100 mL each). Solid sodium bicarbonate (NaHCO3) (15 g) is added to the combined
organic layers, followed by stirring for 1 hr and subsequent addition of anhydrous
magnesium sulfate (MgSOy4). The solution is filtered and solvent is removed on a
rotary evaporator to afford the crude enone, which is further purified by bulb-to-bulb
distillation (0.2 mm, oven temperature 140-180°C, Note 6) to give 5.90 g (84%) of 4-

hydroxymethyl-2-cyclchexen-1-one (Note 7) as a viscous pale-yellow oil.

2. Notes

1. Anhydrous ether was purchased frem Fisher Scientific Company and was
not further purified.

2. Methyl acrylate was purchased from Aldrich Chemical Company, Inc., and
used without further purification.

3. The cycloadduct consists of a 1.5:1.0 mixture of trans- and cis-
diastereomers: TH NMR of cis-diastereomer (300 MHz, CDClg) &: 0.16 (s, 6 H), 0.93
(s, 9 H), 1.83 (m, 1 H), 2.0-2.2 (m, 3 H), 2.27 (s, 6 H), 2.62 (M, 1 H), 3.56 (dd, 1 H, J =
5.0, 5.0), 3.70 {s, 3 H), 4.95 (d, 1 H, J = 5.0); 13C NMR (75 MHz, CDClj) 8: -4.4, 18.0,
20.9, 25.6, 28.9, 43.5, 44.8, 51.3, 59.2 100.7, 153.7, 174.6; 'H NMR of trans-
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diastereomer (300 MHz, CDCls) 8: 0.14 (s, 3 H), 0.15 (s, 3 H), 0.92 (s, 9 H), 1.7-2.0 (m,
2 H), 2.0-2.2 (m, 2 H), 2.24 (s, 6 H), 2.52 (ddd, 1 H, J = 12.7, 9.2, 3.8), 3.66 (m, 1 H),
3.70 (s, 3 H), 4.84 (dd, 1 H, J = 2.0, 1.8); 13C NMR (75 MHz, CDCly) 8: -4.5, -4.3, 18.0,
255, 256, 29.0, 40.8, 42.3, 51.7, 61.9, 102.6, 152.4, 176.0.

4. This material is a mixture of diastereomers. Selected peaks from each
diasteraomer follow: 1H NMR of major diastereomer (400 MHz, CgDg) 8: 0.98 (s, 9 H,
CMes), 1.99 (s, 6 H, NMey), 4.81 (broad s, 1 H, =CH); 13C NMR (75 MHz, CDClg) &
4.4, 18.0, 20.9, 25.6, 28.9, 43.5, 44.8, 51.3, 59.2, 100.7, 153.7, 174.6; TH NMR of
minor diastereomer (400 MHz, CDClg) §: 1.01 (s, 9 H, CMeg), 2.05 (s, 6 H, NMe,),
499 (d, 1 H, J = 4, =CH); 13C NMR (75 MHz, CDCl3) &: -4.0, -3.8, 18.5, 25.2, 30.1,
30.5, 44.4, 62.0, 44.2, 100.4, 155.0 (one peak not observed).

5. A 4.0 M solution of HF in THF was prepared in a 50-mL plastic bottle by the
addition of 4.1 mL of the 49% aqueous HF solution (using a disposable plastic
syringe) to THF (28 mL).

6. In order to minimize bumping, a 260-mL, round-bottomed flask was used for
the distillation.

7. The checkers obtained 5.72 g (81%) of the enone. This compound displays
the following spectral data: IR {neat) el 3420, 1675; TH NMA (300 MHz, CDCl3) &:
1.60 (m, 1 H, OH), 1.82 (dddd, 1 H, J = 12.6, 12.6, 8.8, 6.0), 2.14 (dddd, 1 H, J = 12.8,
9.7, 5.0, 1.3), 2.42 (ddd, 1 H, J = 16.8, 12.6, 5.0), 2.56 (ddd, 1 H, J = 16.8, 5.0, 5.0}, 2.65
(m, 1 H), 3.71 (m, 2 H), 6.08 (dd, 1 H, J=10.0, 2.2), 6.96 (ddd, 1 H, J = 10.0,2.7, 1.3);
13C NMR (75 MHz, CDClg) §: 25.3, 36.6, 38.9, 65.1, 130.2, 151.5, 199.9; mass
spectrum (El) 126 (C7H4¢03); 96 (base).
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Waste Disposal. Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1995.
3. Discussion

Aminosiloxy dienes have been found to exhibit unusually high reactivity in
Diels-Alder reactions with a wide range of electron-deficient dienophiles.2-5
Determination of the second order rate constants with methacrolein showed the parent
aminosiloxy diene to be about 103 more reactive than the analogous 1-alkoxy-3-siloxy
diene.4 The reactions of aminosiloxy dienss with various dienophiles occur under
mild conditions and afford the corresponding cycloadducts in high yields and with
complete regioselectivity. An extensive study on the preparation and cycloadditions of
amino siloxy dienes has been carried out.3

The three-step procedure above illustrates the usefulness of a 1-amino-3-siloxy
diene for the synthesis of functionalized cyclohexenones and is representative of the
general usefulness of the dienes. The first step in the sequence, the Diels-Alder
reaction between the parent aminosiloxy diene and methyl acrylate, cleanly produces
the cycloadduct as a mixture of endo and exo diastereomers. This diene also reacts
with many other dienophiles and the results are summarized in Table 1.3 The
cycloadducts are generally obtained as mixtures of endo-exo diastereomers, except
for the reactions with N-phenylmaleimide and methacrolein, which proceed with high
endo selectivity, and with dimethyl maleate, which gives predominantly the exo
adduct.

The products of the Diels-Alder reactions of aminosiloxy dienes are versatile

synthetic intermediates, as they can be subjected to reduction, Wittig olefination, or
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deprotonation without any hydrolysis or elimination.2,3 On the other hand, it is
possible under acidic conditions both to hydrolyze the silyl enol ether and f-eliminate
the amino group to afford the corresponding enones.

The usefulness of aminosiloxy diene Diels-Alder chemistry to the preparation of
ditferent substituted cyclohexenones is demonstrated in Table 1.3 The functionality at
the 4 and 5-positions of the cyclohexenones can be easily controlled by the
substitution pattern in the dienophile. The differing endo-exo selectivity found in the
initial cycloadducts does not impact the usefulness of this route to cyclohexenones,
since the amino group is eliminated in the last step. Chiral versions of aminosiloxy
dienes provide the opportunity for asymmetric synthesis.  Indeed, the
diphenylpyrrolidine-substituted diene allows the synthesis of a variety of
cyclohexenones, with good to excellent ee’s.2P The usefulness of aminosiloxy diene
Dicls-Alder reactions to natural product synthesis is exemplified through the

stereocontrolied synthesis of the pentacyclic indole alkaloid tabersonine.2¢
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TABLE |

CYCLOADDITIONS OF 1-AMINO-3-SILOXY-1,3-DIENES

TABLE It
PREPARATION OF SUBSTITUTED CYCLOHEXENONES

Dienophile Temp (°C) Yield (%)2 endo:exo”
| NP -70 96 >98:2
0
EtOs
C\L 20 100 1.4:1
COoEt
OzM €
(c 20 94 >2:98
COzMe
/"\C HO 20 87 >098:2
L 20 92 1:1.5
COzMe
L"/ 20 97 1.1:1
o]
II\ 20 85 - 1:4
CN
ﬁL g0 87 1:3
COgMe
Ph
I 90 90 1:3

COaMe

R'jL RaSi <R’
., ; E 2 HF
R

1. LiAH,
iRl B

.\\H'
H

#Refers to an isolated yield after silica gel chromatography.

®Determined by NMR analysis of the crude reaction mixtures.
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H’N\R
Overall
Eniry Cycloadduct Product Yield (%)
TBS 0.
1 \Q\/O 90
CO.t-Bu H
NMQZ
5 TBS 85
OH
CHO
NMez
TBS PR sPh
T ooPiL SeIE
COgMe OH
NMEQ
TBS JCORE Ow H g2
4
H
COLE
H'N\R
TBS COxMe 0. OH
s T . T
H
Xt COsMe
NMeg
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Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

{Registry Number)

(E)-1-Dimethylamino-3-tert-butyldimethylsiioxy-1,3-butadiene: 1,3-Butadien-1-amine,
3-[[(1,1-dimethylethyl)dimethylsilyljoxy]-N,N-dimethyl-, (E)- (14); (194233-66-4)
Methyl acrylate: Acrylic acid, methyl ester (8); 2-Prepenoic acid, methyl ester (9);
(96-33-3)

4-Hydroxymethyl-2-cyclohexen-1-one: 2«Cyc]ohexen-1-one, 4-(hydroxymethyl)-,
(14); (224578-81-0) 7
4-Carbomethoxy-3-dimethylamino-1-tert-butyldimethylsiloxy-1-cyclohexene:
3-Cyclohexene-1-carboxylic acid, 2-(dimethylamino)-4-[[(1,1-dimethylethyl)dimethyl-
silylJoxy]-, methyl ester, (14); cis- (194233-86-8); trans- (194233-84-6)

Lithium aluminum hydride: Aluminate(1-), tetrahydro-, lithium (8); Aluminate(1-),
tetrahydro-, lithium (T-4)- (9); (16853-85-3)

Hydrofluoric acid: CORROSIVE: (8,9); (7664-39-3)
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DIETHYL [(PHENYLSULFONYL)METHYL]JPHOSPHONATE
(Phosphonic acid, [(phenylsulfonyl)methyl]-, diethyl ester)

A H \© (CH20)p,, concd HGH CIVS\@
B. CI\/S\© P(OEt)3, reflux (E‘O)ZP\/5\©

Q 9
C. (EtO)zF'\/S\O 205, AcOH (EtO)QF\/SO2©

1

Submitted by D. Enders,! S. von Berg,! and B. Jandeleit.2
Checked by Jianming Cheng and William R. Roush.

1. Procedure

A. Chioromethyl pheny! sulfide. As described in ref. 3, a 1-L, three-necked,
round-bottomed flask fitted with a reflux condenser, 250-mL pressure-equalizing
dropping funnel, and equipped with a large magnetic stirring bar is charged with 120
mL of toluene and 18.9 g (0.63 mol) of paraformaldehyde (Note 1). While the solution
is stirred, 500 mL of concd hydrochloric acid is added to the suspension. The reaction
mixture is heated to 50°C and the dropping funnel is charged with a solution of 55.1 g

(51.3 ml., 0.5 mol) of thiophencl in 120 mL of toluene. The thiophenol solution is
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added dropwise over 1 hr. The reaction mixture is stirred at 50°C for 1 hr and
subsequently at room temperature for an additional 3 hr. The reaction mixiure is
transferred to a separatory funnel and the organic phase is separated. The aqueous
phase is extracted three times with 50-mL portions of toluene and the combined
organic phase is washed with 100 mL of aqueous saturated sodium chloride solution.
Most of the solvent is removed by distillation at atmospheric pressure and the
remaining crude product is purified by fractional distillation under reduced pressure
using a Vigreux column (15-20 cm) to yield 57.9 g (73%) of chloromethyl phenyl
sulfide as a colorless liquid, bp 106-107°C (11 mmy) (Note 2).

B. Diethyl f(phenyithio)methyllphosphonate. As described in ref. 4, a 1-L, three-
necked, round-bottomed flask fitted with a thermometer, a warm water (ca. 40-60°C)
reflux condenser connected to an empty safety bottle and a safety bottls charged with
ethanol (Note 3), a 200-mL pressure-equalizing dropping funnel, and equipped with a
large magnetic stirring bar, is charged with 116.0 g (0.7 mol) of triethyl phosphite {Note
4). The dropping funnel is charged with 55.5 g (0.35 mol) of chloromethyl phenyl
sulfide and the flask is heated under stirring to 130°C (internal temperature). The
chioromethy! phenyl sulfide is added slowly at a constant rate over 40 min and the
internal temperature is allowed to rise to 150-160°C. After complete addition, the
resulting reaction mixture is stirred for an additﬁ_onal 12 hr under reflux and then cooled
to room temperature. Excess triethyl phosphite is removed under reduced pressure
{11 mm) through a short path distiliation apparatus. Thé crude product is purified by
fractional distillation under reduced pressure using a Vigreux column (20 cm) to afford
82.2 g (91%) of diethyl [(phenyithio)methyflphosphonate as a colorless liquid, bp 130-
135°C (0.08 mm) {Notes 5 and 6).

C. Diethyl [(phenylisuifonyl)methyllphosphonate. A 1-L, three-necked, round-
bottomed flask, fitted with a reflux condenser, thermometer, pressure-equalizing

dropping funnel and equipped with a large magnetic stirring bar is charged with 300

170

mL of acetic acid and 75.0 g (0.29 mol} of diethyl [(phenylthio)methyl]phosphonate.
The dropping funnel is charged with 90 mL of an aqueous hydrogen peroxide solution
(30%) and the reaction mixture is heated under stirring to 50°C (internal temperature).
The hydrogen peroxide solution is added slowly so that the internal temperature does
not rise above 80°C (Caution: This very exothermic reaction has an induction period!)
(Note 7). The reaction mixture is heated to 85°C for an additional 3 hr (Note 8), cooled
to room temperature, and transferred to a 4-L beaker. Ice (1000 g) and then a coned
sodium hydroxide solution (10 M) is added until the solution is basic, pH 8-9 (Caution:
Exothermic reactionf) The reaction mixture is transferred to a separatory funnel, and
the water phase is extracted five times with 200-mL portions of dichloromethane. The
combined organic phase is washed with 50-mL portions of aqueous sodium hydrogen
sulfite solution (10%) until no oxidizing agent remains (Note 9), and then dried over
anhydrous magnesium sulfate. After removai of the magnesium sulfate by filtration,
the solvents are evaporated under reduced pressure using a rotary evaporator.
Purification of the crude product by flash chromatography (5 x 30-cm column) using
1:1 diethyl ether-hexanes to elute the non-polar impurities followed by 100% ethyl
acetate 10 elute the product provides diethyl [(phenyisulfonylymethyilphosphonate

(76.3 g, 90%) as colorless crystals, mp 51°C (Note 10).

2. Notes
1. Paraformaldehyde (96%) was purchased from Fisher Scientific Company
and thiophenol (89%) was purchased from Sigma Chemical Company. Both reagents
were used as received.
2. Chioromethyl phenyl sulfide shows the following physical data: 'H NMR
(400 MHz, CDClg) 8: 4.96 (s, 2 H), 7.35 (m, 3 H), 7.51 (m, 2 H); 13C NMR (100 MHz,
CDCl3) & 51.0, 127.9, 129.2, 130.9, 133.2; IR cm1: 1584, 1482, 1440, 1228; HRMS
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calcd for C7H735CIS (M+) 157.9957, found 157.9953. Anal. Caled for C7H7CIS: C,
53.00; H, 4.45. Found: C, 52.97; H, 4.49. Chloromethyl phenyl sulfide is also
commercially available (Aldrich Chemical Company, Inc.).

3. Volatile ethyl chioride is formed during the reaction, which evaporates
through the reflux condenser and is frapped in an ethanol-filled safety bottle.

4. Triethyl phosphite was purchased from Aldrich Chemical Company, Inc., and
used without further purification.

5. Diethy! [(phenyithio)methyllphosphonate shows the following physical data:
TH NMR (400 MHz, CDClg) &: 1.27 (t, 6 H, J=7.1),3.19(d, 2 H, J = 14.1), 414 (m, 4
H), 7.26 (m, 1 H), 7.30 (m, 2 H), 7.45 (m, 2 H); 13C NMR (100 MHz, CDCl3) §: 16.2,
28.4 (J = 48), 62.5, 126.6, 128.8, 129.4, 135.4; IR cm-t: 2982, 1582, 1482, 1440, 1392,
1255: HRMS caled for C11H1703PS (M+) 260.0636, found 260.0630. Anal. Calcd for
C11H1703PS: C, 50.76; H, 6.58. Found: C, 50.49; H, 6.51.

6. If the product does not show the required purity, a second distillation may be
necessary.

7. The checkers used a water bath as heat source and did not observe a
significant increase in reaction temperature during the addition of hydrogen peroxide.

8. The internal temperature may rise for a short time up to 100°C on heating.

9. Commercially available peroxide test strips (Aldrich Chemical Company,
Inc.) are used to verify the presence of oxidizing agents.

10. The compound shows the following physical data: Rt = 0.31 (0.25-mm silica
gel on glass, diethyl ether/methancl, 20:1, (vAv); TH NMR (400 MHz, CDCl3) 8: 1.29 (td,
6H,J=7.0,05),3.77 (d, 2H, J = 16.7), 416 (m, 4 H), 7.58 (m, 2 H), 7.68 (m, 1 H), 8.00
(m, 2 H); 13C NMR (100 MHz, CDCl3) 8: 16.1, 53.7 (J = 38), 63.3, 128.2, 129.0, 134.0,
139.9; IR cm-1: 2984, 1586, 1480, 1448, 1394, 1369, 1324, 1263, 1157, HRMS calcd
for C11H180sPS (M*+ +H) 292.0613, found 293.0602. Anal. Calcd for C11H4705PS:
C, 45.20; H, 5.86. Found: C, 45.35; H, 6.13.
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Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1995.

3. Discussion

The sulfone group is well known as an activating group and enables the
preparation of a vast array of functionalized products. In addition, this functional group
is of enormous value in total synthesis. These compounds are easily prepared by a
range of mild and high-yield routes. The sulfone is a robust group and frequently
confers useful properties such as crystallinity. Of importance is the ease of formation
of carbanions c. to the sulfone group. This enables efficient C-C bond formation via
alkylation and aldol-like processes.®

Diethyl [(phenylsulfonyl)methyllphosphonate (1) has served in many
procedures as a versatile intermediate in synthesis. Thus 1 has been used in
alkylation reactions by reaction of appropriate electrophiles with the metalated
sulfone.® In addition 1 may be used as the phosphonate component in Homer-
Wadsworth-Emmons olefination reactions.”.8,2 The olefination step can be carried
out with high (E)-selectivily, as illustrated in the accompanying procedure.0 o8-
Unsaturated phenyl sulfones are in general useful as Michael acceptors in reactions
with a host of nucleophilic partners. In contrast to' unsaturated carbonyl compounds,
competing addition to the sulfone functionality cannot occur and the vinyl phenyl
sulfone itself acts as a “two-carbon acceptor,” which is not available using carbonyl-
type Michael acceptors.S Furthermore, unsaturated suliones in which the sulfone is
directly attached to an alkenyl or alkynyl group undergo a range of cycloadditions

including [2+2], [3+2]8 and [4+2]® processes. However, the sulfone is rarely required
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in the final target molecule and so methods for removal of the sulfone group have

been developed.5 Finally, o,B-unsaturated sulfones are also an effective class of

cysteine protease inhibitors.’?
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Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

Diethy! [(phenylsulfonyl)methyl]phosphonate: Phosphonic acid,
[(phenylsuifonyimethyl]-, diethyl ester (9}; (566069-39-7)

Chloromethyl phenyl sulfide: Sulfide, chloromethyl phenyl (8);

Benzene, [(chloromethyl)thio]- (9); (7205-91-6)

Paraformaldehyde (9); (30525-89-4)

Thiophenol: Aldrich: Benzethiol (8,9); {108-98-5)

Diethyl [(phenylthio)methyl]phosphonate: Phosphonic acid, [(phenylthio)methyl]-,
diethyl ester (9); (38066-16-9) )

Triethyl phosphite: Phosphorous acid, triethyl ester (8,9); (122-52-1)
Hydrogen peroxide (8,8); (7722-84-1)

Sodium hydrogen sulfite: Sulfurous acid, monosodium salt (8,9); (7631-90-5)
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SYNTHESIS OF (-)-(E,S)-3-(BENZYLOXY)-1-BUTENYL PHENYL
SULFONE VIA A HORNER-WADSWORTH-EMMONS REACTION OF
(-)-(S)-2-(BENZYLOXY)PROPANAL

(Benzene, [[1-methy!-3-(phenyisulfonyl)-2-propenylJoxy]methyl]-,

[S-(E)]-) from (Propanal, 2-(phenylmethoxy)-, (S)-)

H,C
A. M3 OFEt

OH

H
€ OEt

BnO

C. HsC
BnO

rﬁIH
CizCCOBn
c-hexane/CH,Cly,
r, 48 hr, cat TIOH

DIBAH, Et,0, -78°C,
1.5 hr, then 4N HCI

(o]

(EtO)2PCH2S0,Ph, LiBr,
MeCN, Et3N, 0°C — rt

H.C
3 OEt

BnO

HoC

BnO
2

HSC\I/\/SOZ

BnO O

(S)3

Submitted by D. Enders,! S. von Berg,! and B. Jandeleit.2

Checked by Brad M. Savall and William R. Roush.
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1. Procedure

A. (-)-(S)-Ethyl 2-(benzyloxy)propanoate. As described in ref. 3, a flame-dried,
500-mL Schlenk flask equipped with a magnetic stirring bar, rubber septum, and an
argon balloon is charged with 11.8 g (100 mmol) of (S)-ethyl 2-hydroxypropanocate
[(8)-ethyl lactate] (Note 1) and 50.9 g (206 mmol) of O-benzyl-2,2,2-
trichloroacetimidate (Note 2). The reagents are dissolved in 250 mL of a mixture of
anhydrous cyclohexane (Note 3) and anhydrous dichloromethane (Note 4) (7:1 viv)
under an atmosphere of argon. Neat trifluoromethanesulfonic acid (Note 5) (0.4 mi,
4.53 mmol) is added dropwise by means of a syringe while the mixture is stirred
rapidly (Note 8). The reaction mixture is stirred for 48 to 60 hr at room temperature
(Note 7) and subsequently diluted with water (100 mL} and hexane (300 mL). Stirring
is continued for an additional 3 hr at room temperature. The precipitated coloriess
trichloroacetamide is filtered off by means of a Bichner funnel. The aqueous phase is
separated and extracted three times with 50-mL portions of hexane. The combined
organic extracts are washed with 50 mL of aqueous saturated sodium bicarbonate
(NaHCO3) solution and finally with 50 mbL of aquecus saturated sodium chloride
(NaCl) solution. After drying over magnesium sulfate (MgSQa), filtration and removal
of the solvents under reduced pressure by means of a rotary e\}aporator, the residue is
purified by fractional distillation using a Vigreux column (15-20 cm) to yield 18.7 g
(90%) of a colorless slightly turbid liquid (Notes 8, 9).

B. (-)-(S5)-2-(Benzyloxy)propanal. A flame-dried, 500-mL Schilenk flask
equipped with a magnetic stirring bar, dropping funnel sealed with a rubber septum,
and an argon ballcon is loaded under an atmosphere of argon with 18.7 g (90 mmoi)
of (-)-(S)-ethyl 2-(benzyloxy)propanoate and the compound is dissclved in anhydrous
diethy! ether (180 mL) (Note 10). The reaction mixture is cooled to -78°C by means of
a cooling bath (dry ice/ethanol). A 1 M salution of diisobutylaluminum hydride (DIBAH)
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in hexane (126 mL, 126 mmol) (Note 11) is added very slowly dropwise to the solution
of the ester and stirring is continued for at least 1 hr after the complete addition of the
DIBAH soiution (Note 12). Upon complete consumption of the ester, the crude
reaction mixture is poured directly with vigorous stirring into 360 mL of ice cold 4 N
hydrochloric acid (Note 13). The aqueous phase is extracted with diethyl ether (4 x
180 mL) and the combined organic extracts are washed with 50 mL of agueous
saturated NaCl solution. After drying over MgSO;, filtration and removal of the
solvents under reduced pressure by means of a rotary evaporator, 14.4 g (98%) of the
crude aldehyde is obtained (Note 14).

C. (-)-(E,S)-3-(Benzyloxy)-1-butenyl phenyl sulfone. As described in ref. 4, a
flame-dried, 500-mL Schlenk flask (or three-necked flask with a thermometer)
equipped with a large magnetic stirring bar (Note 15), dropping funnel sealed with a
rubber septum, and an argon balloon is charged under an atmosphere of argon with
13.1 g (151 mmol) of lithium bromide (Note 16) and 36.6 g (125 mmol) of diethy!
[(phenylsulfonyl)methyl]phosphonate (Note 17). The reagents are suspended in 250
mL of anhydrous acetonitrile (Note 18) and 19.1 mL (13.9 g, 138 mmol) of
triethylamine (Note 19) is then added. The reaction mixture is stirred at room
temperature until it becomes homogeneous (Note 20) and is then cooled to 0°C (an
ice-salt bath is used to maintain the internal temperature at 0°C). The dropping funnel
is charged with a solution of 20.6 g (125 mmol) of (-)-(S)-2-(benzyloxy)propanal in 50
mL of anhydrous acetonitrile. The aldehyde solution is added dropwise at 0°C with
vigorous stirring. After complete addition the reaction mixture is stirred for ca. 12 hr
and allowed to warm to room. temperature during this period. The reaction is
monitored by TLC and is halted by the addition of 0.1 N hydrochloric acid (150 mL}
and water (150 mL). The reaction mixture is diluted with diethyl ether (200 mL). After
phase separation, the aqueous phase is reextracted with diethyl ether (4 x 200 mL})

and the combined organic extracts are washed with aqueous saturated NaCl solution
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(200 ml). After drying over MgSOs, filtration, and removal of the solvents under
reduced pressure using a rotary evaporator, the crude product is purified by column
chromatography using a 15 : 1 (w/w} ratio of silica gel to crude broduct and 1:2 - 1:1
(v/v) diethyl etherflight petroleum as eluent to yield 34.2 g (90%) of the pure (E}-isomer

as a colorless viscous oil (Notes 21 and 22).

Waste Disposal Information
All toxic materials were disposed of in accordance with “Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1995.
2. Notes

1. (S)-Ethyl lactate was purchased from Merck, Darmstadt, Germany, in
enantiomerically pure'form (ee >> 99%) and was used without further purification.

2. O-Benzyl 2,2,2-trichloroacetimidate was synthesized in 98% yield according
to ref. 5 by addition of 1.0 equiv of benzyl alcohol (Aldrich Chemical Company, inc.;
previously distilled over calcium hydride (CaHz) under an atmosphere of argon), to 1.0
equiv of trichloroacetonitrile {Aldrich Chemical Company, Inc.; no previous purification)
in the presence of 0.1 equiv of sodium hygdride in anhydrous diethyl ether. The
resulting viscous, dark brown crude compound showed sufficient purity (> 97%) by H
NMR and GLC analysis and was used without further purification. The benzylating
agent can be stored at 4°C under an atmosphere of argon for several weeks without
decomposition or loss of quality. However, the compound can be further purified by
distillation to yield a colorless viscous liquid, or, alternatively, can be purchased from
Aldrich Chemical Company, Inc.

3. Cyclohexane was purified by distillation from CaHg under argon.

4. Dichloromethane was purified by distillation from CaHz under argon.
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5. Trifluoromethanesulfonic acid was purchased from Aldrich Chemical
Company, Inc., stored and handled under an atmosphere of argon, and used without
further purification.

6. During the addition of the catalyst an almost colorless precipitate of
trichloroacetamide forms, which might dissolve again after a few minutes. If this
happens or if the reaction mixture does not become turbid at all, more (0.4 mL)
triffuoromethanesulfonic acid can be added,

7. The submitters indicated that extended reaction times are essential to obtain
complete consumption of the starting material and good yields. However, the
checkers observed that the reaction appeared to be complete within several hours
according to TLC analysis.

8. The checkers observed that a crystalline solid (trichloroacetamide) formed in
the condenser at the beginning of the distillation, and that the distillate contained small
amounts of a precipitated crystalline solid (trichloroacetamide) that could be removed
by filtration through a sintered glass funnel. The checkers obtained 78-83% vyields of
product, with material collected from 125 - 135° to maximize the yield of product.

9. The compound shows the following physical data: R = 0.40 (0.25 mm silica
gel on glass, diethyl ether/light petroleum = 1:5); bp: 124-127°C/6 mm, 0(%1: -73.6°

(neat), {la]p>: -74.5 (CHCla, ¢ 2.94)};3 H NMR (300 MHz, CDCl3) &: 1.30 (t, 3H, J =
7.2),1.44 (d,3H, J=6.9), 405 (q, 1 H, J = 6.8), 4.22 (m, 2 H), 4.45 (d, 1 H, J= 11.8),
469 (d, 1 H, J = 11.8), 7.20-7.40 (m, 5 H); 13C NMR (75 MHz, CDClg) & 14.2, 18.7,
60.8,.71.9, 74.0, 127.8, 127.9, 128.4, 136.6, 173.2; IR (film) em-1: 2985, 1746, 1455,
1200, 1143; HRMS calcd for C1oH1703 [M+H] 209.1178, found 208.1183. Anal. Calcd’
for C12H1603: C, 69.21; H, 7.73, Found: C, 69.17; H, 7.74. The O-Bn protected (S)-
ethyl lactate can be stored without special precautions.

10. Diethyl ether was purified by distillation from sodium benzophenone ketyl

under argon.
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11. Diisobutylaluminum hydride (DIBAH) (1 M in hexane) was purchased from
Aldrich Chemical Company, Inc., and used without further purification. DIBAH should
be handled with caution and all operations should be performed by employing the
usual inert gas techniques (cannula, syringe, efc.).

12. To avoid reduction of the generated aldehyde that is more prone to
reduction than the corresponding ester, the reducing agent should be added very
slowly, avoiding any local temperature increase. The reaction mixture should be kept
below -70°C. The checkers used a three-necked flask equipped with a low
temperature thermometer to monitor the internal reaction temperature.

13. It is strongly recommended that the reaction mixture be added to the beaker
containing the ice-cold acid solution with vigorous stirring because of the strong
avolution of hydrogen gas. Reversing the order of addition causes freszing of the acid
and effects a vigorous evolution of hydrogen gas on warming.

14. The resulting viscous colorless crude compound cbtained by the submitters
showed sufficient purity (> 97%) by TH NMR and GLC analysis to be used without
further purification. The submitters report that the aldehyde can be stored at -20°C
under an atmosphere of argon for several days without detectable racemization or loss
of quality. However, the checkers observed that some crystaliine material resembling
aluminum salts formed when the crude aldehyde was stored in the refrigerator. The
salts could be removed by dissolving the product in diethyl ether and washing with 1 N
HCI (2 x 50 mL): The purity of the aldehyde obtained by the checkers was 80% by GC
analysis. Nevertheless, this material gave acceptable results in the following Horner-
Wadsworth-Emmons reaction. If desired, the aldehyde can be purified by distillation to

_ vield a colorless viscous liquid.3 The compound shows the following physical data: Ry
= 0.27 (0.25 mm silica gel on glass, diethyl ether/light petroleum = 1:3); a?: -65.3°

(neat) {02: -65.9° (nea)};3 TH NMR (300 MHz, CDClz) &: 1.31(d, 3H, J = 7.2), 3.88
(qd, 1H, J = 6.9,1.9), 457 (d, 1 H, J = 11.8), 467 (d, 1H, J = 11.8), 7.35 (m, 5 H), 9.64
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(d, 1H, J =1.6); '3C NMR (75 MHz, CDCl3) §: 15.5, 72.0,79.4, 127.9, 128.6, 137.3,
203.4; IR (filmy cm-1: 3448, 2870, 1733, 1455, 1375, 1094, HRMS caled for
C1oH16NO2 [M+NH4t] 182.1181, found 182.1176. Anal. Calcd for C1gH1202: C,
73.14; H, 7.37. Found: C, 68.98; H, 7.52.

15. Because of precipitating lithium phosphates during the course of the
reaction the mixture forms a sticky slurry and so the use of a large stirring bar is
recommended.

16. Lithium bromide was purchased from Fluka Chemical Corp. and dried for ca.
12 hr at 100-110°C under reduced pressure using a high vacuum pump. The salt was
handled and stored under an atmosphere of argon with the exclusion of moisture.

17. Diethyl [(phenylsulfonyl)methyl]phosphonate was synthesized according 1o
the accompanying procedure: Org. Synth. 2000, 78, 169.

18. Acetonitrile was purified by distillation from CaHz under argon.

19. Triethylamine was purified by distillation from CaHz under argon.

20. To obtain good chemical yields and a very high (E)-selectivity in the
olefination step it seems to be crucial that all of the phosphonate must be transformed
into its chelated lithium derivative before the aldehyde is added. Sometimes the
reaction mixture becomes turbid during cooling but this does not affect reactivity.

21. During the olefination step only very smail amounts of the corresponding (Z)-
isomer are formed, which are easily removed by column chromatography on silica gel.
The (Z)-isomer has a slightly higher R¢-value than the (E)-isomer: Ry(2) = 6,49 (0.25
mm silica gel on glass, diethy! ether/light petroleum (v/v) 1:1).

22. The compound shows the following physical data: R = 0.44 (0.25 mm silica
gel on glass, dimethyl ether/light petroleum (v/v) 1:1); [of5°: -31.9° (CHClg, ¢ 1.10); 'H
NMR (300 MHz, CDCI3) & 1.31(d,3H, J =6.6),4.18 (qdd, 1 H, J = 6.6, 4.8, 1.6), 4.44
(d, 1H,J=12.0), 448 (d, 1 H, J = 12.0), 6.57 (dd, 1 H, J = 15, 1.5), 6.94 (dd, 1 H, J =
15.3, 4.9), 7.21-7.34 (m, 5 H), 7.48-7.55 (m, 2 H), 7.57-7.64 (m, 1 H), 7.85-7.90 (m, 2
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H); 13C NMR (75 MHz, GDClig) &: 20.0, 71.0, 72.9, 127.5, 127.6, 127.8, 128.4, 129.3,
130.3, 133.4, 137.6, 140.3, 147.0; IR (film) cm-1. 3063, 1447, 1307, 1147, 1086, 834;
HRMS calcd for C17H2203NS [M+NH4+] 320.1320, found 320.1310. Anal. Caicd for
C17H1g03S: C, 67.43; H, 6.00. Found: C, 66.45; H, 6.09.

The checkers found that the product solidified when stored at -20°C, cracking the

glass bottle.
3. Discussion

(-)-(8)-2-(Benzyloxy)propanal (2) has attracted considerable interest since it is
readily available in optically pure form from inexpensive starting materials. This useful
aldehyde is widely used in organic synthesis® and has therefore been synthesized
many times employing several approaches.3.7-12

The most frequently used procedures to obtain aldehyde 2 employ
commercially available ethyl (S)-lactate. The a-hydroxy ester is converted in the first
step to ethyl (S)-2-(benzyloxy)propionate (1) by O-benzylation. Alkylation of the ester
can be accomplished by using freshly prepared silver(l) oxide and benzyl bromide
according to a procedure described by Misiow.13 This method is high yielding, but it is
not amenable to large scale preparation of 1. Benzylation using benzyl bromide and
sodium hydride is also described in the literature. It is reported that this approach
affords the product in low yield14 and that the alkylation results in considerable
racemization.” However, Varelis and Johnson!5 reported that the latter method is also
suited to large-scale preparation of virtually enantiopure 1. '

Using the acid-catalyzed benzylation of the ethyl lactate as described here
avoids racemization during the reaction course and affords the product in high yield.
In addition all reagents are commercially available and it is possible to carry out the

reaction on a large scale.
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Besides the one-step procedure described here, conversion of ester 1 to
aldehyde 2 can be accomplished by reduction of the ester with lithium aluminum
hydride, and subsequent oxidation of the alcohol produced using a Swern-oxidation
protocol.8,14.16

The highly enantioenriched vinyl sulfone 3 has been used in the synthesis of
the highly diastereomerically and enantiomerically enriched tetracarbonyl n-allyl
iron(1+) complex 4. Nucleophilic attack on this electrophilic organometal complex
occurs regioselectively at the y-position with respect to the sulfone functionality. In
addition, the reaction proceeds with conservation of the double bond configuration
allowing syntheses of highly enantioenriched (E)-alkeny! sulfones 5 with a wide range
of substitution patterns at the allylic position17.18,18 (Scheme 1). The value of 3 and
the related methodology of the iron-mediated chirality transfer has also been
demonstrated in the syntheses of methyl-branched natural products in high

enantiomeric purity and in their naturally occurring absolute configuration.20,21,22

Scheme 1
N e T e
Nu
BnO OFe(CO)
3 (1R,2S.3R)-4 5: 0 > 96- > 97%

1. Institut fir Organische Chemie, Technical University of Aachen, Professar Pirlet-
Strape 1, D-52074 Aachen, Germany. ‘

2. Symyx Technologies, 3100 Central Expressway, Santa Clara, CA 95051.

3. Ho, Y.; Kobayashi, Y.; Kawabata, T.; Takase, M.; Terashima, S. Tetrahedron
1989, 45, 5767. ’

4. Rathke, M. W.; Nowak, M. J. Org. Chem. 1985, 50, 2624.
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Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

(-)-(E.S)-3-(Benzyloxy)-1-butenyl pheny! sulfone: Benzene, [[[1-methyl-3-
{phenylsulfonyl)-2-propenyl]oxylmethyl]-, [S-(E)]- (13); (168431-27-4)

(-)-(S)-Ethyl 2-(benzyloxy)propanoate: Propanoic acid, 2-(phenylmethoxy)-, ethyl
ester, (S)- (9); (64783-72-1)

(-)-(8)-2-(Benzyloxy)propanal: Propanal, 2-{phenylmethoxy)-, (S)- (11); (81445-44-5)
(S)-Ethyt hydroxypropanoate: (S)-Ethyl lactate: Lactic acic, ethyl ester, L- (8);
Propanoic acid, 2-hydroxy-, ethy! ester, (S)- (9); (687-47-8)
O-Benzyl-2,2,2-trichloroacetimidate: Ethanimidic acid, 2,2,2-trichloro-, phenylmethyl
ester (11}; (81927-55-1)

Trifluoromethanesulfonic acid: HIGHLY CORROSIVE: Methanesulfonic acid, trifluoro-
(8,9); (1493-13-6)

Diisobutylaluminum hydride: Aluminum, hydrodiisobutyl- (8); Aluminum, hydrobis(2-
methylpropyl)- (9); (1191-15-7)

Lithium bromide (8,9); (7550-35-8)

\Diethyl[(phenylsulfonyl)methyl]phosphonate: Phosphonic acid,
[{(phenylsulfonyl)methyl]-, diethyl ester (9); (560‘69-39—7)

Acetonitrite: TOXIC (8,9); (75-05-8)

Triethylamine (8); Ethanamine, N,N-diethyl- (9); (121-44-8)

Benzyl alcohol (8); Benzenemethanol (9); (100-51-6)

Trichloroacetonitrile: Acetonitrile, trichloro- (8,9); (545-06-2)

Sodium hydride (8,9); (7646-69-7)
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(+)-(1R,2S,3R)-TETRACARBONYL[(1-3n)-1-(PHENYLSULFONYL)-
BUT-2-EN-1-YL]IRON(1+) TETRAFLUOROBORATE
(Iron(1+), tetracarbonyl[(1,2,3-n)-1-(phenylsulfonyl)-2-butenyl]-,

stereocisomer, tetrafluoroborate(1)-)

1. Fep(CO)g, n-hexane
or pentane, 3d, rt.

A. H3C\l/\/SOZPh 2. fract. crystallization HaCYE\/SOQPh
BnO BnO Fe(CO),

H SO.Ph
B. " B S0ePh HBE,, Et,0, 30°C, 2 hr 30\4\\/ 2
BnO Fe(CO), o OFe(CO),
BF,
(1R,25,3R)-1

Submitted by D. Enders,! B. Jandeleit,2 and S. von Berg.'
Checked by Matthew J. Schnaderbeck and William R. Roush.

1. Procedure
A. (+)-(E,1R,3S)-Tetracarbonyl[(3-(benzyloxy)-1 -(phenylsuifonyl}-n2-but-1-ene}-
iron{0). A flame-dried, 250-mL Schlenk-ﬂask"equipped with a septum, magnetic
stirring bar and a balloon filled with carbon monoxide {Note 1) is charged with 3.03 ¢
(10.0 mmol) of (-}-(E,S)-3-(benzyloxy)-1-butenyl phenyl sulfone (Note 2) and 4.73 g
{13.0 mmol) of nonacarbonyldiiron [Fe2{CO)g] (Note 3). The reagents are suspended
in 150 mL of anhydrous hexane (Note 4) and the orange suspension is stirred for 3

days at room temperature under an atmosphere of carbon monoxide and with
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exclusion of light (Note 5). The reaction mixture is diluted with anhydrous diethyl ether
{ca. 100 mL) {(Note 8) and transferred via canula to an air-free filter containing a short
column of Celite (Note 7) by means of a flame-dried inert gas frit (Note 8) and filtered
under an atmosphere of argon. The bright yellow filtrate is collected in a 1000-mL,
flame-dried Schlenk-flask (Note 5). The filter column is washed with anhydrous diethyl
ether (Note &) until the filtrate becomes colorless. The clear yellow solution of the
neutral complex is concentrated under reduced pressure in a room temperature water
bath to between a third and a quarter of the original volume by means of a medium
pressure vacuum pump (Note 8) and is then fractionally crystallized at -25°C in a
freezer. The pale yellow precipitate is washed with anhydrous hexane pre-cooled to
-25°C (Note 4) under an atmosphere of argon and dried under reduced pressure at
room temperature by means of a high vacuum pump (Note 9) with the exclusion of
light (Note 5) to afford 1.88-3.05 g (40-65%) of a moderately air sensitive pale yellow
crystalline solid (Notes 10, 11).

B. (+)-(1R,28,3R)-Tetracarbonyl{(1-3n)-1-(phenyisulfonyl)but-2-en-1-yiJiron(1+)
tetrafluoroborate 1. A flame-dried, 50-mL Schienk-flask equipped with a septum and
an argon balloon is charged with 1.88 g (4.0 mmol) of (+)-(E,1R,35)-tetracarbonyl[(1-
21)-3-(benzyloxy)-1-{phenylsulfonyl)-but-1-enefiron(0) and the complex is dissolved in
15 mL of anhydrous diethyl ether (Note 6) under an atmosphere of argon. The bright
yellow solution is taken up into a syringe under an aimosphere of argon and filtered
through a PTFE-syringe filter into a flame-dried, 100-mL Schlenk flask equipped with a
magnetic stirring bar, a septum and an argon balloon (Note 12). The solution is
diluted with anhydrous diethyl ether (Note 6) to give a total volume of 50-70 mL and
then warmed to 30°C by means of a water bath. Fluoroboric acid, (HBF4), 0.7 mL (4.8
mmol) of a 54% solution of HBF4 in diethyl ether (Note 13) is added dropwise by
méans of a syringe to the rapidly stirring solution. After ca. 2 hr, the precipitate is

filtered off under an atmosphere of argon using an inert gas frit. The precipitate is
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washed with anhydrous diethyl ether (Note 6) until the filtrate becomes colerless (3 x
10-20 mL). The residue is dried for ca. 12 hr under reduced pressure at room
temperature using a high vacuum pump (Notes 8, 9) to yield 1.73 g (96%) of a pale
yellow solid (Note 14). Normally the complex is obtained in spectroscopically and
analytically pure form (by 'H and 13C NMR, elemental analysis) and can be used
without further purification for nucleophilic addition reactions. If necessary, the
complex can be further purified by re-precipitation from nitromethane solution with the
addition of excess cold diethyl ether. The dry complex should be stored at -25°C in a
freezer under an atmosphere of argon and may be handled for short periods in air.

N

2. Notes

1. Carbon monoxide was purchased from Linde, Germany (99%) and was
used without further purification.

2. Prepared according to the accompanying procedure: Enders, D.; von Berg,
S.; Jandeleit, B. Org. Synth. 2000, 78, 177.

3. According to ref. 3, nonacarbonyldiiron [Fez(CO)g] was synthesized by
photochemical dimerization of pentacarbaonyliron [Fe(CO)s] in a mixture of glacial
acetic acid and acetic acid anhydride (10:1) at room temperature employing a Dema
irradiation apparatus with a Philips HPK 125 W or TQ 150 W medium pressure
mercury lamp. The malerial should be stored at -25°C in a freezer and handled under
an atmosphere of argon. Pentacarbonyliron [Fe(CO)s] was a gift from BASF AG,
Germany and was used without further purification.

4. Hexane was purified by distillation from calcium hydride under argon.

5. Aluminum foil should be wrapped around the Schlenk flask to exclude
sunlight.

6. Diethyl ether was purified by distillation from sodium and benzophenone.
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7. Celite was purchased from Fluka, Germany and dried in an oven for 4 hr at
ca. 110°C. The dried material was degassed three times in an inert gas frit prior to use
by an evacuation/argon purge cycle. After this procedure the Celite was compressed
to a ca. 4-cm deep layer and then covered by an 1-cm layer of previously dried sea
sand (Riedel de Haén, Netherlands) to avoid a disturbance to the Celite layer during
manipulations.

8. Aluminum foil should be wrapped around the inert gas frit to exclude
sunlight.

9. An additional effective cooling trap should be installed to condense any of
the highly toxic pentacarbonyliren [Fe(CO)s].

10. Initially, a diastereomeric mixture of olefinic iron complexes (de = 70%) is
obtained from which the desired major diastereomer can be separated in a highly
diastereo- and enantiomerically enriched form following the crystallization procedure
described. A second crop can be obtained from the mother liquor to increase the
chemical yield. However, additional fractions may not be as diastereomerically pure as
the first fraction, giving rise to cationic complexes of lower enantiomeric purity in the
next step.

11. The compound shows the following analytical and spectroscopic data: Rt =
0.43 (0.25-mm silica gel on glass, diethyl ether/light petroleum, 1:2); mp: 103°C (dec.);
de = ee > 99% (by 'H NMR, 500 MHz, signals: CHCHa, ortho-C-H); [a]5° +171.8
(benzene, ¢ 1.05); TH NMR (500 MHz, CgDg) &: 0.91 (d, 3H, J = 6.1), 3.04 (qdd, 1 H, J
=6.1,58,0.3),329 (dd, 1H, J=10.4,56.8), 379 (d, 1H,J = 12.1), 386 (dd, 1 H, J =
10.2,0.3), 3.93 (d, 1 H, J = 12.1), 6.87-7.13 (m, 8 H), 7.85-7.91 (m, 2 H); 13C NMR (125
MHz, CgDg) &: 21.73, 57.96, 66.70, 70.15, 76.31, 127.84, 128.04, 128.23, 128.47,
129.13, 132.54, 137.97, 142.66, 207.25 ppm; IR (KBr) cm™1: 3085, 3056, 3032 (w, Ar-
C-H), 2968, 2873 (w, CH, CHp, CHa}, 2103 (vs, apical-Fe-CQO), 2045, 2022, 1988 (vs,
Fe-CO), 1585, 1496, 1479 (vw, Ar-C=C), 1446 (m), 1385, 1377 (w, CHg), 1326 (m),
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1300 (s, $=0), 1262 (w-m), 1191 (w), 1144 (s, S=0), 1084 (s, C-O-C), 1041, 1026 (m),
807, 752, 734, 718, 689 (m), 624 (vs), 591, 562 (s); IR (hexane) cm1: 2104, 2035,
2026, 2002 (vs, Fe-CO). MS (70 aV): m/z (%): 414 (3) [M*--2CO], 386 (4) [M+-3CO],
359 (20), 358 (99) [M+-4CO], 303 (3) [M++1-Fe(CO)4], 268 (14), 267 (100) [358-
C7H7], 250 (14), 239 (17), 217 (4) [358-S02CgHs], 168 (10), 186 (10), 184 (12), 161
(27), 143 (3) [H2802CgHs5%], 141 (2) [SO2CeHs™], 134 (12), 133 (63), 107 (6)
[C7HgO*], 91 (79) [C7H71), 77 (20) [CeH5 ], 65 (16) [CsHs*], 56 (B3) [Fet], 55 (10), 53
(17), 51 (10); calculated for C21H15FeO7S (Mr: 470.28): C 53.63, H 3.86, found C
53.60, H 3.89.

12. A stainless steel filtration device and PTFE-filters (Satorius, Germany,
diameter: 25 mm, pore size: 0.45 um) were used to purify the solution by removing
paramagnetic impurities from the neutral complex. If the solution is not filtered,
paramagnetic impurities may be found in the solidified compiex but these should not
affect reactivity of the resulting cationic complex.

13. The 54% solution of HBF4 in diethyl ether was purchased from Merck,
Germany and was used without further purification. The acid solution should be stored
in a refrigerator under an atmosphere of argon to avoid colerization and any loss of
quality.

14. The compound shows the following analytical and spectroscopic data: mp:
163°C (crystals yellowed), 173°C (dec.); de > 99% (3-syn/3-anti: >> 99: << 1-by H
NMR, 500 MHz, signals: CHCHz, CH-CHSO2, CHCH3); ee > 99%; [alp' +169.1
{acetone, ¢ 1.14); 'H NMR (500 MHz, CD3NO3) 8 2.13 (d,3H,J=6.4),4.64 (dd, 1 H,
J=10.1,0.6), 493 (dqd, 1 H, J = 12.4, 6.4, 0.6), 6.23 (dd, 1 H, J = 12.4, 10.1), 7.72-
7.80 (m, 2 H), 7.82-7.91 (m, 1 H), 8.07-8.14 (m, 2 H); better 'H NMR data were
obtained in ds-acetone: TH NMR (500 MHz, dg-acetone) &: 2.20 (d, 3 H, J=6.1), 5.10
(dd, 1 H,J =100, 0.86),5.17 (dq, 1 H, J = 124, 6.3), 6.59 (ddd, 1 H, J = 12.4, 10.0, 0.6),
7.72-7.82 (m, 2 H), 7.82-7.9 (m, 1 H), 8.1-8.2 (m, 2 H); 13C NMR (125 MHz, CD3NO2) &:
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20.77, 73.73, 90.58, 97.65, 129.46, 131.54, 136.61, 139.57, 195.35, 196.10, 197.43,
197.67; IR (KBr) cm-1: 30867, 3007 (w, Ar-CH), 2929, 2857 (w), 2162, 2142, 2125,
2100, 2030, 2006 (s-vs, Fe-CO), 1642, 1585, 1521 (w, Ar-C=C), 1448 (m), 1386 (w,
CHz), 1303, 1148 (s, S=0), 1084, 1057 (vs, br.), 810, 756, 727, 719, 689 (w), 628, 612,
594 (s), 555 (w); IR (CHzxClg) cm-t: 2102 (vs, Fe-CO), 2032, 2000 (vs, Fe-CO). MS
(70 eV): m/z (%) 446 (2) [M++1], 321 (2), 306 (3) [321-CHyg], 278 (13), 250 (13) [278—
COJ, 196 (25), 195 (14) [M+'-BF4", -Fe(CO)4], 186 (7), 184 (21), 161 (7), 143 (4)
{H2S02CeHs*], 141 (3) [SO2CeH5*], 133 (9), 129 (13), 126 (15), 125 (28), 115 (6),
108 (6), 107 (24), 105 (6), 97 (10), 95 (9), 94 (9), 93 (11), 91 (19), 79 (18), 78 (20), 77
(41) [CgH5T], 56 (49) [Fet], 55 (100), 53 (18), 50 (8), 48 (8), 43 (10), 41 (15), 39 (24);
calculated for C14H11BF4FeOgS (My: 449.95): C 37.37, H 3.14, found C 36.93, H 2.76.

Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1995.
3. Discussion

Among the various carbon-carbon and carbon-hetero atom bond forming
reactions promoted or catalyzed by transition metals, allylic substitution via
electrophilic m-allyl-complexes is of utmost importance. Studies focused on the
synthetic potential of alkyl or aryl substituted (n3-allyl)Fe(CO)4(1+)} complexes have
shown that nucleophilic attack by soft carbon and hetero atom nucleophiles
preferentially proceeds regioselectively at the less or syn-substituted allyl terminus.4
Additionally, polar effects on the regioselectivity of this reaction caused by electron-

withdrawing functionalities (e.g., CO2R, CONR2) have been examined by the
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submitters' group,4 Green, et al.,8 and Speckamp, et al.7 It has been demonstrated
that the reaction affords allyl-coupled addition products with complete y-regioselectivity
with respect to the electron-withdrawing functionality. During the submitters’ effortsd
devoted to developing a useful methodology for the synthesis of highly
snantiomerically enriched compounds via iron-mediated allylic substitutions, the
"chirality transfer" approach turned out to be a practical sotution. Based on the chiral
pool precursor lactic acid, an efficient approach to the phenylsulfonyl-functionalized
planar chiral (n3-allyl)Fe(CO)4(1+) complex (1R,28,3R)-1 in virtually diasterec- and
enantiometically pure form (de, ee > 99%) has been developed.8 Complex
(1R,2S,3R)-1 represents a synthetic equivalent of an a*-synthon A with planar
chirality (Scheme 2) allowing homologous (1,5)-Michael additions® or an "Umpolung"
of classical d4-chemistry.10 Regioselective addition of carbon and heleroatom
nucleophiles to (1R,2S,3R)-1 (Scheme 2) provides an efficient access to highly
enantiomerically enriched alkenyl sulfones with a wide range of substitution patterns
at the allylic position; a class of compounds which is of increasing importance.l? As
depicted in Scheme 2, (1R,25,3R)-1 can be combined with various
nucleophiles.8.12.13  These reactions proceed with virtually no loss of chirality
information from central (C-O) to planar (C-Fe) and back to central chirality (C-C or C-
X) affording products 2-8 with high enantiomeric purity {(ee > 95 - > 99%) and overall
retention (double inversion) with respect to the starting material. In additioh, the
reaction proceeds with complete y-regioselectivity and conservation of the (E)-double
bond geometry leading to highly functionaiized molecules of well-defined

stereochemistry.
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Furthermore, the planar complex (1R,2S,3R)-1 also represents the synthetic
equivalent of a d'/a3-butyl synthon B (Scheme 3). This stems from its electrophilic
reactivity in the y-position and its nucleophilic reactivity, after reductive hydrogenation
and metalation, «- to the sulfonyl group, with subsequent removal of the latter. The
potential bifunctionality allows a flexible sequential functionalization of the butyl-
backbone of 1. Because of their origin from enantiopure building blocks bearing
methyl substituents (e.g., isoprenoids, alanine, lactic acid derivatives) many naturally
occuring compounds possess methyl-branched carbon atom skeletons. Scheme 3
demonstrates some achievements made in natural product synthesis making use of
complex 1. Key steps in the syntheses of these natural preducts have been the
nucleophilic addition of silyl enol ether or allyl-silane to 1, respectively.14,15.16
Starting from complex 1, all methyl-branched natural products synthesized (9, 10, 11)
have been obtained from readily accessible materials with their naturally occurring
absolute configuration in excellent overall yields and in virtually enantio- and/or

diastereomerically pure form (9, 10: ee > 99%, 11: ee > 99%, de > 98%).17
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Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

(+)-(1R,28,3R)-Tetracarbonyl{(1-3n)-1-(phenylsuifonyl)-but-2-en-1 -ylliron(1+)
tetrafluoroborate: Iron(1+), tetracarbonyl[(1,2,3-n)-1-(phenylsulfonyl)-2-butenyl]-,
sterecisomer, tetrafiuoroborate(1-) (13); (162762-06-3)

(+)-(E, 1R,3S)-Tetracarbonyl[(3-benzyloxy)-1-(phenylsulfonyl)-n2-but-1-ene]iron(0):
Iron, tetracarbonyl[[{[(2-3n)-1-methyl-3-(phenylsulfonyl)-2-propenyljoxylmsthyt]-
benzenel-, stereocisomer (13); (168431-28-5)

(-}-(E,8)-8-(Benzyloxy)-1-butenyl phenyl sulfone: Benzene[[[1-methyl-3-
(phenylsulfony!)-2-propenyljoxylmethyl)-, [S-(E)]- (13); (168431-27-4)

Carbon monoxide (8,9); (630-08-0)

Nonacarbenyldiiron:  Iron, tri-u-carbonylhexacarbonyldi- (Fe-Fe) (8,9); (15321-51-4)

Fluoroboric acid: Borate(1-}, tetrafluoro-, hydrogen (8,9); (16872-11-0)
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PREPARATION AND DIELS-ALDER REACTION OF A 2-AMIDO
SUBSTITUTED FURAN: tert-BUTYL 3a-METHYL-5-0X0-2,3,3a,4,5,6-
HEXAHYDROINDOLE-1-CARBOXYLATE
(1H-Indole-1-carboxylic acid, 2,3,3a,4,5,6-hexahydro-3a-methy|-5-oxo-,
1,1-dimethylethyl ester)
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1. Procedure

A. Furan-2-ylcarbamic acid tert-butyl ester. in a 250-mL, one-necked, round-
bottomed flask equipped with a magnetic stirring bar are placed 10 g (0.07 moal) of 2-
furoyl chioride {Note 1), 80 mL of tert-butyl alcohol (Note 2}, and 5.1 g (0.08 mol) of
sodium azide (Note 3). After the flask is stirred at 25°C for 20 hr under an argon
atmosphere, it is placed behind a protective shield (Note 4) and the solution is heated
at reflux for 15 hr under a constant flow of argon. The solvent is removed with a rotary
evaporator at aspirator vacuum to provide a white solid that is purified by flash silica
gel chromatography (10% ethyl acetate/hexane) to give 10.8 g (81%) of furan-2-
ylcarbamic acid tert-butyl ester as a white solid: mp 98-99°C (Note 5).

B. 4-Bromo-2-methyl-1-butene. In a 500-ml., three-necked, round-bottomed
flask equipped with a magnetic stirring bar, reflux condenser, and a dropping funnel
are placed 20 g (0.23 mol) of 3-methyl-3-buten-1-ol (Note 6), 160 mL of freshly distilled
dichloromethane (Note 7) and 36 mL. (0.24 mol) of triethylamine (Note 8). The reaction
mixture is cooled to -5°C and 14.4 g (0.24 mol) of freshly distilled methanesulfonyl
chioride (Note 9) is added dropwise from the dropping funnel. After the reaction
mixture is stirred at 0°C for an additional 2 hr, it is quenched with 80 mL of water and
the aqueous phase is extracted three times with 40-mL portions of dichloromethane.
The combined organic phase is dried over magnesium sulfate and the solvent is
removed with a rotary evaporator at aspirator vacuum. The crude yeilow oilnis taken
up in 25 mL of dry acetone and added dropwise from a dropping funnel to a slurry of
60 g (0.68 mol) of lithium bromide in 115 mL> of dry acetone in a 250-mL round-
bottomed flask fitted with the dropping funnel and a reflux condenser. The solution is
slowly warmed to 35°C and is stirred at this temperature for 18 hr, at which time the
reaction is quenched with 120 mL of water. The aqueous phase is extracted three

times with 40-mL portions of ether. The combined organic phase is dried over
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magnesium sulfate and the solvent is removed with a rotary evaporator at aspirator
vacuum. The resulting oil is distilled at aspirator pressure to provide 17.7 g (51%) of 4-
bromo-2-methyl-1-butene as a colorless oil: bp 41-42°C at 34-39 torr (Note 10).

C. tert-Butyl N-(3-methyl-3-butenyl)-N-(2-furyl)carbamate. In a flame-dried,
500-mL, one-necked, round-botiomed flask equipped with a magnetic stirring bar and
reflux condenser are placed 4.0 g (21.8 mmol!) of furan-2-ylcarbamic acid tert-butyl
ester and 150 ml of toluene (Note 11) under an argon atmosphere. To this solution
are added 3.1 g {76.4 mmol) of freshly ground powdered sodium hydroxide, 6.04 g
(43.7 mmol) of potassium carbonate, and 1.48 g (4.4 mmol) of tetrabutylammonium
hydrogen sulfate (Note 12). The solution is heated at 80°C for 25 min with vigorous
stirring and then 3.8 g (26.2 mmol) of freshly distilled 4-bromo-2-methyl-1-butene is
added as a solution in 10 mL of toluene over a 30-min period. After being heated at
80°C for 30 min, the solution is charged with an additional 0.98 g (6.6 mmol) of 4-
bromo-2-methyl-1-butene. The mixture is heated at 80°C for an additional 1 hr. After
the reaction is cooled to room temperature, it is quenched by the addition of 200 mL of
water and the aqueous phase is extracted three times with 100-mL portions of
dichloromethane. The combined organic phase is dried over magnesium sulfate and
the solvent is removed with a rotary evaporator at aspirator vacuum. The crude
residue is purified by silica gel chromatography (10% ethyl acetate-hexane) to give 5.0
g (91%) of tert-butyl N-(3-methyl—3-bulenyl)-N-(2-furyl)carbamate as a colorless oil
(Note 13).

D. tert-Butyl 3a-methyl-5-0x0-2,3,3a,4,5,6-hexahydroindoie-1-carboxylate. Into
an oven-dried, 35-mL heavy-wall, high pressure tube (Note 14) equipped with a
magnetic stirring bar and rubber septurn are placed 3.7 g (14.7 mmol) of tert-butyl N-
(3-methyl-3-butenyl)-N-(2-furyl)carbamate and 20 mL of toluene under an argon
atmosphere. Argon is vigorously bubbled through the solution for 30 min at which time

the septum is‘ replaced with a threaded plunger valve equipped with an O-ring seal
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(Note 14). The vessel is placed behind a protective shield (Note 4) and immersed into
a preheated oil bath at 160°C for 14 hr. After the solution is cooled to room
temperature, solvent is removed with a rotary evaporator at aspirator vacuum and the
crude residue is purified by silica gel chromatography (40% ethyl acetate-hexane) to
give 2.8 g (70-75%) of tert-butyl 3a-methyl-5-oxc-2,3,3a,4,5,6-hexahydroindole-1-

carboxylate as a white solidc mp 112-113°C (Note 15).
2. Notes

1. 2-Furoyl choride was purchased from Aldrich Chemical Company, Inc., and
used without further purification.

2. 2-Methyl-2-propanol (HPLC grade; tert-butyl alcohol) was purchased from
Aldrich Chemical Company, Inc., and used without further purification.

3. Sodium azide (99%) was purchased from Aldrich Chemical Company, Inc.;
a Teflon spatula was used when handiing this reagent. Caution: avoid contact with
metal and heat when using sodium azide.

4, The protective shield was purchased from Lab-Line, Inc. and was used for
protection when heating at high temperatures.

5. The product has the following spectral characteristics: IR (neat) cm'!: 3267,
2980, 1700, and 1546; TH NMR (CDCla, 300 MHz) &: 1.50 (s, 9 H), 6.04 (brs, 1 H),
6.34 (m, 1 H), 6.63 (brs, 1 H), and 7.06 (m, 1 H); '3C NMR (CDCla, 75 MHz)agz 28.2,
81.3,95.1, 111.2, 136.0, 145.4, 151.9. Anal. Calcd for CgH13NQO3: C, 59.00; H, 7.15;
N, 7.64. Found: C, 59.09; H, 7.13; N, 7.67.

6. 3-Methyl-3-buten-1-ol was purchased from Aldrich Chemical Company, Inc.,
and used without further purification.

7. Dichloromethane was distilled from calcium hydride prior to use.
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8. Triethylamine was purchased from Aldrich Chemical Company, Inc., and
used without further purification.

9. Methanesulfonyl chloride was purchased from Aldrich Chemical Company,
Inc., and was distilled before use.

10. The product has the following spectral characteristics: IR (neat) cm-1: 3075,
1652 1445, and 890; 'H NMR (CDCl3, 400 MHz) §: 1.75 (s, 3H), 2.58 (t, 2H, J = 7.4),
847 (1, 2H,J=74),4.77 (s, 1 H), and 4.86 (s, 1 H); 13C NMR (CDCl3, 100 MHz) &:
22.1, 31.0, 41.1, 112.9, and 142.6

11. Toluene was distilled from calcium hydride prior to use.

12, Tetrabutylammonium hydrogen sulfate (97%) was purchased from Aldrich
Chemical Compaﬁy, Inc., and used without further purification.

13. The product has the following spectral characteristics: IR (neat) cm1: 2975,
1711, 1606, and 1369; TH NMR (CDCl3, 400 MHz) 8: 1.45 (s, 9 H), 1.74 (s, 3 H), 2.27
(,2H,J =7.2),3.67 (dd, 2H, J=9.2 and 6.0), 4.71 (s, 1 H), 4.76 (s, 1 H), 6.33 (brs, 1
H), 7.14 (1, 1 H, J =1.2), and 6.0 (brs, 1 H); 13C NMR (CDCl3, 100 MHz) &: 22.2, 28.0,
36.6, 46.9, 80.7, 100.9, 110.7, 111.8, 137.8, 142.3, 148.3, and 153.5. Anal. Calcd for
C14H21NO3a: G, 66.91; H, 8.42; N, 5.57. Found: C, 66.93; H, 8.38; N, 5.60. The broad
resonance at § 6.0 in the TH NMR spectrum merges into a sharp multiplet when the
spectrum is recorded at 50°C. )

14. The 35-mL heavy-wall high pressure tube, Teflon plug, and O-ring were
purchased from Ace Glass and were oven dried prior to use. ’

15. The product has the following spectral characteristics: IR (KBr) cm-1: 2861,
1709, and 1388; 'H NMR (DMSO-ds, 400 MHz) 3. 0.94 (s, 3 H), 1.42 (s, 9 H), 1.72 (m,
2H),235(d, 1H,J=146),249 (d, 1 H,J=14.6),2.63 (dd, 1 H, J = 14.8 and 2.8),
2.89 (dd, 1 H, J = 14.6 and 4.8), 3.51 (m, 1 H), 3.66 (m, 1 H), and 5.78 {brs, 1 H); 13C
NMR (DMSO-dg, 100 MHz) §: 22.8, 27.7, 35.2, 36.7, 42.5, 46.1, 51.6, 79.6, 96.4,
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143.7, 151.5, and 208.3. Anal. Calcd for C14H21NO3: C, 66.91; H, 8.42; N, 5.57.
Found: G, 66.99; H, 8.38; N, 5.49.

Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1995.

3. Discussion

Heterocycles such as furan, thiophene, and pyrrole undergo Diels-Alder
reactions despite their stabilized 6n-aromatic electronic configuration.2 By far the most
extensively studied five-ring heteroaromatic system for Diels-Alder cycloaddition is
furan and its substiluted derivatives.3 The resultant 7-oxabicyco[2.2.1]heptanes are
valuable synthetic intermediates that have been further elaborated to substituted
arenes, carbohydrate derivatives, and various natural products.4-8 A crucial synthetic
transformation employing these intermediates involves the cleavage of the oxygen
bridge to produce functionalized cyclohexene derivatives.”.8 While the bimolecular
Diels-Alder reaction of alkyl-substituted furans has been the subject of many reports in
the literature,® much less is known regarding the cycloaddition behavior of furans that
contain heteroatoms attached directly to the aromatic ring.'0 In this regard, we have
become interested in the Diels-Alder reaction -of 2-aminofurans as a method for
preparing substituted aniline derivatives since these compounds are important starting -

materials for the preparation of various pharmaceuticals.!! Many furan Diels-Alder

. reactions require high pressure or Lewis acid catalysts to give satisfactory yields of

cyctoadduct.’2 In contrast to this situation, 2-amino-5-carbomethoxyfuran readily

reacted with several monoactivated olefins by simply heating in benzene at 80°C. The
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initially formed cyclohexadienol underwent a subsequent dehydration when treated
with 1 equiv of boron trifluoride etherate (BF3-OEtp) to give the substituted aniline

derivative.3 In each case, the cycloaddition proceeded with complete regioselectivity,

OpMo O2Mne MeQ.CG PH . OzMRe
A ‘ R S ‘
Ve BF3 - OEt
RY R Rz Rz B Rz
NH, NH, NHo NH,

with the electron-withdrawing group being located ortho to the amino group. The
regiochemical results are perfectly consistent with FMO theory.14 The most favorable
FMO interaction is between the HOMO of the furanamine and the LUMO of the
diengphile. The atomic coefficient at the ester carbon of the furan is larger than at the
amine center, and this nicely accommodates the observed regioselectivity.

The intramolecular Diels-Alder reaction of furans, often designated as IMDAF,!5
helps to overcome the sluggishness of this heteroaromatic ring system toward [4+2]-
cycloaddition. Not only do IMDAF reactions allow for the preparation of complex
oxygenated polycyclic compounds, but they also often proceed at lower temperatures
than their intermolecular counterparts.® Even more significantly, unactivated n-bonds
are often suitable dienophiles for the internal cycloaddition. Indeed, the submitters

discovered that the IMDAF reaction of a series of furanamide derivatives occurred

MGSCOQCJNW N n

MeaCOsC~
n= 1, 2

smoothly to furnish cyclized aromatic carbamates as the only isclable products in high

yield.1€ When the alkenyl group possesses a substituent at the 2-position of the =-
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bond, the thermal reaction furnishes a rearranged hexahydroindolinone.17 With this
system, the initially formed cycloadduct cannot aromatize. Instead, ring opening of the
oxabicyclic intermediate occurs to generate a zwitterion that undergoes hydride

transfer to give the rearranged ketone. The procedure described here provides a

> fgig
& . R, Ry Ry
Rz/N\/\KCHQ % ';N’_ N

Ry R2 R Rz

simple and general approach for the construction of various hexahydroindolinones.
This strategy can be cleanly applied toward the synthesis of more complex

octahydroindole-based alkaloids.

1. Department of Chemistry, Emory University, Atlanta, GA 30322.

2. Lipshutz, B. H. Chem. Rev. 1986, 86, 795.

3. Sargent, M. V.; Dean, F. M. In "Comprehensive Heterocyclic Chemistry"; Bird, C.
W.; Cheesman, G. W. H., Eds.; Pergamon Press: London, 1984; Vol. 4, pp. 599-
656.

4. Vogel, P.; Fattori, D.; Gasparini, F.; Le Drian, C. Synlett 1990, 173; Reymond,
J.-L.; Pinkerton, A. A.; Vogel, P. J. Org. Chem. 1991, 56, 2128. h

Renaud, P.; Vionnet, J.-P. J. Org. Chem. 1993, 58, 5895.

Cox, P. J.; Simpkins, N. S. Synlett 1991, 321.

®

7. Le Drian, C; Vieira, E.; Vogel, P. Helv. Chem. Acta 1989, 72, 338; Takahas.hi,'
T.; lyobe, A.; Arai, Y.; Koizumi, T. Synthesis 1989, 189; Guildford, A. J.; Turner,
R. W. J. Chem. Soc., Chem. Commun. 1983, 466; Yang, W.; Koreeda, M. J. Org
Chem. 1992, 57, 3836.
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Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

tert-Butyl 3a-methyl-5-0x0-2,3,3a,4,5,6-hexahydroindole-1-carboxylate:
1H-Indole-1-carboxylic acid, 2,3,3a,4,5,6-hexahydro-3a-methyl-5-oxo-, 1,1-
dimethylethyl ester (14); (212560-98-0)

Furan-2-ylcarbamic acid tert-butyl ester: Carbamic acid, 2-furanyl-, 1,1-dimethylethy!

ester (9); (56267-47-1)

2-Furoyl chioride (8): 2-Furancarbonyl chloride (9); (527-69-5)

tert-Butyl alcohol (8): 2-Propanol, 2-methyl- (9); (75-65-0)

Sodium azide (8,9); (26628-22-8)

4-Bromo-2-methyl-1-butene: 1-Butene, 4-bromo-2-methyl- (8,9); (20038-12-4)
3-Methyl-3-buten-1-ol: 3-Buten-1-ol, 3-methyl- (8,9); (763-32-6)
Methanesulfonyl chloride (8,9); (124-63-0)

Lithium bromide (8,9); (7550-35-8)

tert-Butyl N-(3-methyl-3-butenyl)-N-(2-furyl)carbamate: Carbamic acid,
2-furanyl(3-methyl-3-butenyl)-, 1,1-dimethylethyl ester (14); (212560-85-7)
Toluene (8); Benzene, methy!- (9); (108-88-3)

Tetrabutylammonium hydrogen sulfate: Ammoenium, tetrabutyl-, sulfate (1:1} (8);

1-Butanaminium, N,N,N-tributyl-, sulfate (1:1) (9); (32503-27-8)
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[4 + 3] CYCLOADDITION OF AMINOALLYL CATIONS WITH 1,3-DIENES:
11-OXATRICYCLO[4.3.1.12,5]UNDEC-3-EN-10-ONE
(11-Oxatricyclo[4.3.1.12,5]undec-3-en-10-one,
(1,2B,5p,60)-)

()
Ci ? Cl

O

MQSO4
1
B. é \S 7/ NaOH /
Cl HpO-MeOH
AgBF4
-78°C @®

oh °
1 2 3

Submitted by Jonghoon Oh, Chewki Ziani-Cherif, Jong-Ryoo Choi, and
Jin Kun Cha.1.2
Checked by Matthew Surman and Marvin J. Miller.

1. Procedure

A 6-Ch/oro-1-pyrro/idinoéyclohexene (1).8 A 500-mL, round-bottomed flask
equipped with a magnetic stirring bar is charged with 15 g (0.11 mol) of 2-
chlorocyclohexanone {Note 1) and 170 mL of cyclohexane (Note 2). To the stirred
solution under a nitrogen atmosphere is added 60 g of anhydrous magnesium: sulfate

in one portion. The mixture is cooled to 0°C with an ice bath, and 48 mL of pyrrolidine
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(0.57 mol, 5 equiv) is added dropwise via a syringe over a 15-in period. After the
reaction mixture has been stirred for an additional 30 min at 0°C, the ice bath is
removed and the mixture is stirred overnight at room temperature. Magnesium sulfate
is removed by filtration and rinsed thoroughly with hexane (3 x 50 mL). The combined
filtrate and rinsings are concentrated under reduced pressure without heating to give
crude 6-chloro-1-pyrrolidinocyclohexene (1) as an orange oil (20.76 g, 0.11 mol,
99%), which is sufficiently pure for the next step (Note 3).

B. 11-Oxatricycio[4.3.1.12.5)Jundec-3-en-10-one (3}.245 A 500-mL, two-
necked, round-bottomed flask is equipped with a magnetic stirring bar and a rubber
septum. The flask is quickly charged with 30.8 g (0.158 mol) of silver tetrafluoroborate
(Note 4) and wrapped in aluminum foil to exclude room light. After the system has
been dried under vacuum pump and purged with nitrogen, 150 mL of anhydrous
methylene chloride (Note 5) is added, followed by furan (80 mL, 1.1 mol) (Note 6). The
reaction mixture is cooled to -78°C with an acetone-dry ice bath and stirred under a
nitrogen atmosphere. To this cooled solution is added dropwise over a period of 1 hr
via cannula (using positive nitrogen pressure) a solution of crude 1 in 120 mL of
methylene chloride. After the addition is completed, the cooling bath is removed, and
the mixture is allowed to warm slowly to room temperature, and then stirred for an
additional 12 hr. The reaction mixture is filtered through Celite, insoluble material is
rinsed with methylene chloride (3 x 70 mL), and the combined filtrate and rinsings are
concentrated under reduced pressure to afford the immonium salt 2 as a dark brown
oil (47.4 g, 0.16 mol).

To this crude concentrate 2, which is placed in a 1-L, one-necked, r0und-v
bottomed flask, are added 300 mL of deionized water and 250 mL of methanol,
followed by 18 g (0.45 mol) of sodium hydroxide. The reaction mixture is stirred for 10
hr at room temperature and extracted with sther {300 mL, then 7 x 200 mL). The

combined organic layers are washed with brine, dried over magnesium sulfate,
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filtered, and concentrated under reduced pressure to a dark orange oil. The crude
product is purified by chromatography on silica gel (400 g) with 1:4 ethyl
acetate/hexane as eluant to afford 13.0 g {(72% overall from 2-chlorocyclohexanone) of

the cycloadduct 3 as a white solid, mp 46-47.5°C (Note 7).
2. Notes

1. (a) 2-Chlorocyclohexanone (98%) was purchased from Aldrich Chemical
Company, Inc., and used without further purification. All glassware was oven-dried
(>100°C) and quickly assembled prior to use. (b) Newman, M. S.; Farbman, M. D ;
Hipsher, H. Org. Synth., Coll. Vol. 1li 1955, 188.

2. Cyclohexane was dried by distillation from calcium hydride and stored over
4A molecular sieves. Unless stated otherwise, all solvents and reagents in this
procedure were obtained commercially and used as received.

3. Most conveniently, the crude «'-chloroenamine was used immediately
without further purification for the next step. Although it can be distilled under high
vacuum with some foss (bp 93-94°C/0.5 mm),3 there is little advantage to be gained
from purification. Spectral data are as follows: 'H NMR (300 MHz, CDClg) &: 1.62-
2.22 (m, 10 H), 2.96-3.22 (m, 4 H), 4.40 (m, 1 H), 4.68 (m, 1 H); 13NMR (75 MHz,
CDCl3) §: 17.0,24.2, 24.6, 32,9, 471, 56.3, 97.7, 142.0.

4. Silver tetrafluoroborate (98%) was purchased from Aldrich Chemical
Company, Inc.

5. Methylene chloride was dried by distillation from calcium hydride.

6. Immediately before use, furan was shaken with aqueous 5% sodium
hydroxide twice, dried over sodium sulfate, filtered, and distilled from sodium

hydroxide pellets under a nitrogen atmosphere.
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7. Overall yields in several runs were obtained in the range of 73-86% by the
submitters, and 50-72% by the checkers. Pravious literature reported mp 45 5-46°C.52
Spectral data for 3 (Ri = 0.44 (1:4 ethyl acelate-hexane) are as follows: [R (CHClg)
cm1: 1725; TH NMR (360 MHz, CDCl3) & 1.49-1.56 (m, 1 H), 2.04-2.13 (m, 2 H), 2.27-
2.33 (m, 2 H), 2.35-2.36 (m, 2 H), 2.52-2.62 (m, 1 H), 494 (d, 2H, J = 1.9), 6.37 (s, 2 H);
13C NMR {90 MHz, CDClg) &: 20.8, 31.0, 53.1, 83.5, 135.4, 214.8; Mass spectrum: m/z
164 (M-, 42), 136 (33), 107 (64), 96 (62), 81 (37), 79 (40), 68 (58), 67 (32), 55 (72), 41

(60), 39 (100). The speciral data are identical to those reported in the literature.2:4-5

Waste Disposal information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press: Washington, DC, 1995.
3. Discussion

The [4 + 3] cycloaddition reactions of oxyallyls and related ally! cations to 1,3-
dienes are general methods for the synthesis of seven-membered ring ketones and
have been the subject of several excellent reviews.6 A representative experimental
procedure using acyclic oxyallyls was described by Hoffmann for the prep_gration of
2u,4a-dimethyl-e-oxabicyclo[3.2.1]0ct-6-en-3—one.7 Subsequent elaboration of the
resulting cycloadducts provides facile preparation of seven-membered carbocycles,
tetrahydrofurans, and tetrahydropyrans; these earlier investigations focused on acyclic
oxyallyls. More recently, a key variant of using cyclic oxyallyls, (i.e., the oxyallyl
functionality is embedded within a ring) has been developed as a convenient route to
functionalized medium-sized carbocycles and heterocycles: By virtue of the spectator

ring skeleton, this formal [n + 4] cycloaddition allows rapid assembly of these
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challenging ring systems in addition to providing a seven-membered ring.8.9 Other
key advantages of cyclic oxyallyts include (1) the geometrically constrained, rigid
conformation of the oxyallyl function (especially compared to conformationally flexible
acyclic oxyallyls), which resuits in highly diastereoselective formation of the
cycloadducts via a "compact" transition state; (2) facile generation of the requisite
oxyallyls, which can be attributed to the stabilizing influence of alkyl substituents (i.e.,
the ring carbons); and (3) well-defined diastereofacial bias present in the resulting
tricyclic or tetracyclic cycloadducts made rigid by the keto bridge, which is useful for
subsequent elaboration.

Among the known [4 + 3] cycloaddition protocols examined, only the Schmid2
and Féhlisch4.10 procedures were found to afford the [4 + 3] cycloadducts in
synthetically useful yields, Schmid's rarely-used "aminoallyl” reaction appears 1o be
most effective, particularly when sterically demanding 1,3-dienes [e.g., spiro[2.4]hepta-
4,6-diene] or otherwise recalcitrant N-acylpyrroles are required for the cycloadditions.
On the other hand, with sterically unencumbered 1,3-dienes and also with furans, the
Féhlisch reaction has emerged as the method of choice in view of the practical aspects
of simple and convenient execution.

The method described here is the direct adaptation of the original procedure
developed by the late Professor Hans Schmig. As summarized in Scheme 1, the
Schmid reaction has been successfully applied to [4 + 3] cycloadditions with
cyclopentadiene, spiro[2.4]hepta-4,6-diene, and N-Boc-pyrrole. Additional examples
can be found in references 8 and 9. Use of functionalized six-membered oxyallyis and

synthetic applications of the [4 + 3] cycloadducts have aiso been described.8
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Department of Chemistry, University of Alabama, Tuscaloosa, AL 35487.

This present method is an adaptation of the original procedure of the late
Professor Hans Schmid: (a) Schmid, R.; Schmid, H. Helv. Chim. Acta 1974, 57,
1883; (b) Schmid, R. Ph. D. Dissertation, University of Zirich, 1978. The
submitters thank Professor Manfred Hesse for providing a copy of the Ph.D.
dissertation. )

Blazejewski, J. C.; Cantacuzene, D.; Wakselman, C. Tetrahedron 1973, 29,
4233

Fohlisch, B.; Gehrlach, E.; Herter, R. Angew. Chem., int. Ed. Engl. 1982, 21,

137.
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10.

(a) Noyori, R.; Baba, Y.; Makino, S.; Takaya, H. Tetrahedron Lett. 1973, 1741;
(b) Vinter, J. G.; Hoffmann, H. M. R. J. Am. Chem. Soc. 1973, 95, 3051.

(a) Noyori, R.; Hayakawa, Y. Org. React. 1983, 29, 163; (b) Hoffmann, H. M. R.
Angew. Chem., Int. Ed. Engl. 1984, 23, 1; (¢) Mann, J. Tetrahedron 1986, 42,
4611; (d) Rigby, J. H. Org. React. 1997, 49, 331-425; (e} Harmata, M.
Tetrahedron 1997, 53, 6235.

Ashcroft, M. R.; Hoffmann, H. M. R. Org. Synth., Coll. Vol. ¥/ 1988, 512,

{a) Oh, J.; Choi, J.-R.; Cha, J. K. J. Org. Chem. 1992, 57, 6664; (b) Lee, J.; Oh,
J.; Jin, 8.4.; Choi, J.-R.; Atwood, J. L.; Cha, J. K. J. Org. Chem. 1994, 59, 6955,
(c) Kim, H.; Ziani-Cherif, C.; Oh, J.; Cha, J. K. J. Org. Chem.. 1995, 60, 792; (d)
Jin, 8.-j,; Choi, J.-R.; Oh, J.; Lee, D.; Cha, J. K. J. Am. Chem. Soc. 1995, 117,
10914; (e) Cha, J. K.; Oh, J. Curr. Org. Chem. 1998, 2, 217; (f) Cho, S. Y; Lee,
J. C.; Cha, J. K. J. Org. Chem. 19899, 64, 3394 and references therein.

For other recent developments, see also: (a) Ref. 6e; (b) Harmata, M. In
"Advances in Cycloaddition"; Lautens, M., Ed.; JAl Press: Greenwich, CT, 1997;
Vol 4, pp 41-86; (c) West, F. G. In "Advances in Cycloaddition"; Lautens, M., Ed.;
JAI Press: Greenwich, CT, 1997; Vol 4, pp 1-40.

Sendelbach, S.; Schwetzler-Raschke, R.; Radl, A.; Kaiser, R.; Henle, G. H.;
Korfant, H.; Reiner, S.; Féhlisch, B. J. Org..Chem. 1999, 64, 3398.
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Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

11-Oxatricyclo[4.3.1.125lundec-3-en-10-one, (10,2B,58,60)- (9); (42768-72-9)

6-Chloro-1-pyrrolidinocyclohexene: Pyrrolidine, 1-(6-chloro-1-cyciohexen-1-yl)- (9):

(35307-20-1)
2-Chlorocyclohexanone: Cyclohexanone, 2-chloro- (8,9); (822-87-7)
Pyrrolidine (8,9); (123-75-1)

Silver tetrafluoroborate: Borate (1-), tetrafluoro-, silver (1+) (9); (14104-20-2)
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SYNTHESIS OF AMINO ACID ESTER ISOCYANATES:
METHYL (S)-2-ISOCYANATO-3-PHENYLPHOPANOATE

(Benzenepropanoic acid, o-isocyanato-, methyl ester, (S))

Ph Ph
triphosgene _ OMe
HsN* OMe satd aq NaHCOa O0=C=N
3 o) CHxClp 0
cr

ick.1
Submitted by James H. Tsai, Leo R. Takaoka, Noel A. Powell, and James S. Nowick.

Checked by Adam Charnley and Steven Wolff.

1. Procedure

A 250-mL, three-necked, round-bottomed fiask is equipped with a mechanical
stirrer and charged with 100 mL of methylene chloride, 100 mL of saturated aqueous
sodium bicarbonate, and 5.50 g (25.5 mmol) of L-phenylalanine methyl ester
hydrochloride (Note 1). The biphasic mixture is cooled in an ice bath and stirred
mechanically while 2.52 g (8.42 mmol) of triphosgene (Note 2) is added in a single
portion. The reaction mixture is stirred in the ige bath for 15 min and then poured into
a 250-mL separatory funnel. The organic layer is collected, and the aqueous layer is
extracted with three 15-mL portions of methylene chioride. The combined organic
layers are dried (MgSQ4), vacuum filtered, and concentrated at reduced pressure
using a rotary evaporator to give a colorless oil. The oil is purified by Kugelrohr
distillation {(130°C, 0.05 mm) to afford 5.15 g (98%) of methy! (S)-2-isocyanato-3-

phenylpropanoate as a colorless oil (Notes 3-6).
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2. Notes

1. L-Phenylalanine methyl ester hydrochioride was purchased from Bachem
California Inc.

2. Triphosgene was purchased from Aldrich Chemical Company, Inc.

3. The product has the following properties: [oc]zD5 -83.8° (neat); iR (CHCI3)
om-1: 2260, 1747; 1H NMR (400 MHz, CDCl3) §: 3.03 (dd, 1 H, ABX pattern, Jag =
13.8, Jgx = 7.8), 3.16 (dd, 1 H, ABX pattern, Jag = 13.6, Jax = 4.8), 3.81 (s, 3H), 427
(dd, 1H,J =78, 4.6), 7.18-7.21 (m, 2 H), 7.27-7.36 (m, 3 H); 13C NMR (125 MHz,
CDCl3) 5. 39.6, 52.8, 58.3, 126.7, 127.2, 128.4, 129.1, 136.4, 170.7. Anal. Calcd for
C11H11NO3: C, 64.38; H, 5.40; N, 6.83. Found: C, 64.18; H, 5.40; N, 6.70.

4. The yield is typically 4.97-5.15 g (95-98%).

5. The submitters previously reported an optical rotation of [algz +71.9° tneat)
for methyl (S)-2-isocyanato-3-phenyipropanoate.2 This value does not maich the
current value of [oz]%5 -83.8° (neat) and is in error. The origin of this discrepancy
involves the path length of the polarimeter cell. With a 5-cm cell, a correct o value of
-48.15° is obtained. If a 10-cm cell is used, a spurious positive o value is obtained,
which gives rise to a erroneous positive value of [o]p.

6. The optical purity of the product was determined to be >99.5% by trapping
with (S)-1-phenylethylamine and 1H NMR analysis of the resulting urea adduct, as

described in reference 2.

Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1995,
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3. Discussion

This procedure provides a convenient, rapid, high yielding route to amino acid
ester isocyanates. It is based updh procedures the submitters have previously
reported for the preparation of both amino acid ester isocyanates2 and peptide
isocyanates.3:4 These procedures use either triphosgene or a solution of phosgene in
toluene as a one-carbon electrophile and either pyridine or aqueous sodium
bicarbonate as a base. The current procedure uses triphosgene and sodium
bicarbonate to minimize the hazard and toxicity of the reagents and waste products.
These mild reaction conditions are superior to alternative methods for the preparation
of amino acid ester isocyanates, which include refluxing the amino acid ester
hydrochloride in toluene for several hours while purging with gaseous phosgene,5 or
treating the amino acid ester hydrochloride with di-tert-butyl dicarbonate and 4-
dimethylaminopyridine (DMAP).6

Amino acid ester isocyanates are produced cleanly by this method and can
often be used without purification. If desired, volatile amino acid ester isocyanates,
such as the litle compound, can be purified to analytical purity by Kugelrohr distillation.
The amino acid ester isocyanates generated by this method are formed without
detectable racemization (>99.5% ee); the enantiomeric purity of the isocyanates can
be checked by trapping with (S)-1-phenylethylamine, followed by 1H NMR analysis of
the resulting urea adducts.2 If this method is used to generate isocyanates of
peptides, then efficient stirring is necessary to prevent epimerization of the peptide
isocyanates.3.4

Amino acid ester isocyanates are useful synthetic building blocks, precursors to
peptides and azapeptides,’.8 chiral derivatizing agents,2.10 and reagents for the
preparation of chiral chromatographic media.11.12  (S8)-2-lsocyanato-3-

phenylpropanoate (phenylalanine methyl ester isocyanate) has been used as a
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building block for 1,2,4-triazine azapeptides,® and inhibitors of thermolysin13 and

human leukocyte elastase (HLE).14

1. Department of Chemistry, University of California Irvine, Irvine, CA 92697-2025.
This work was supported by the National Institutes of Health (Grant GM-49076).
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Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

Methy! (S)-2-isocyanato-3-phenylpropanoate: Benzenepropanoic acid, a-isocyanato-,

methyl ester, (S)- (9); (40203-94-9)
L-Phenylalanine methyl ester hydrochloride: L-Phenylalanine methyl ester,

hydrachloride (9); (7524-50-7)
Triphosgene: Carbonic acid, bis(trichloromethyl) ester (8,9); (32315-10-9)
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IN SITU CATALYTIC EPOXIDATION OF OLEFINS WITH
TETRAHYDROTHIOPYRAN-4-ONE AND OXONE:
trans-2-METHYL-2,3-DIPHENYLOXIRANE
(Oxirane, 2-methyl-2.3-diphenyl-, trans-)

Me>—/Ph M%&/Ph
" Oxone/NaHCO5

PH CHACN/H,0 PH
r, pH 7-7.5

Submitted by Dan Yang, Yiu-Chung Yip, Guan-Sheng Jiao, and Man-Kin Wong.1
Checked by Jason M. Diffendal and Rick L. Danheiser.

1. Procedure

Caution! This procedure should be conducted in an efficient fume hood to
assure the adequate removal of oxygen, a flammable gas that forms explosive
mixtures with air.

A 250-mL, round-bottomed flask equipped with a Teflon-coated magnetic
stirring bar is charged with 3.89 g (20.0 mmol) of trans-a-methyistilbene (Note ’T-)', 0.12
g (1.0 mmol) of tetrahydrothiopyran-4-one (Note 2), 90 mL of acetonitrile (Note é) and
60 mL of aqueous 4 x 104 M ethylenediaminetetraacetic acid, disodium salt
(Na2-EDTA) solution (Note 4). To this stirred mixture is added in portions a mixture of
18.4 g (30.0 mmol) of Oxone® (Note 5) and 7.8 g (93 mmal} of sodium bicarbonate
over a period of 3 hr at room temperature. A slow evolution of gas bubbles is
observed (Note 6). The reaction is complete in 3.5 hr as shown by T1.C analysis (Note

7). The contents of the flask are poured into a 250-mL separating funnel and extracted

225



with three 50-mL portions of ethyl acetate. The combined organic layers are washed
with 25 mL of saturated sodium chloride (NaCl) solution, dried over anhydrous
magnesium sulfate, filtered, and concentrated under reduced pressure. The residue is
purified by flash column chromatography (Note 8} to afford 4.10-4.18 g (98-99%) of 2-

methyl-2,3-diphenyloxirane as a colorless oil that solidifies on standing to a white solid

{Note 9).
2. Notes

1. trans-a-Methylstilbene was purchased from Aldrich Chemical Company, Inc.
and used without further purification.

2. Tetrahydrothiopyran-4-one was purchased from Acros Chemical Company,
Inc. and used without further purification. Oxone® rapidly converts this ketone to 1,1-

dioxotetrahydrothiopyran-4-one, which functions as the catalyst for the epoxidation

(Figure 1).2
Oxone/NaHCO3
CH3CN/H20
i, pH 7-7.
i & o
Figure 1

3. Analytical reagent grade acetonitrile was obtained from Labscan Ltd. or
Mallinckrodt Inc., and was used as received.

4. An aqueous 4 x 104 M Nap-EDTA solution is prepared by dilution of 37.2 mg
of ethylenediaminetetraacetic acid disodium salt hydrate (Acros Chemical Company,

Inc.) with deionized water to the mark in a 250-mL volumetric flask.
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5. Oxone® (2KHSOs5-KHSO4-K2S04) was purchased from Aldrich Chemical
Company, In¢., and was used as received.

6. Oxygen is formed as by-product in two processes, the decomposition of
Oxone® by dioxiranes and self-decomposition of Oxone®.

7. The progress of the reaction is monitored by thin layer chromatography. A
0.1-mL sample is removed and dissolved in 2 mL of hexane. The solution is spotted
on a TLC plate (1 cm x 4 cm, silica gel 60 Fa54, Merck), and the plate is developed in
1:20 ethyl acetate/hexane. Visualization by short-wavelength ultraviolet light shows
the olefin at R; = 0.50 and the epoxide at Rf = 0.35.

8. Flash column chromatography? is performed on Merck silica gel 60 (230-
400 mesh ASTM) with 5% ethyl acetate in hexane as eluent.

9. trans-2-Methyl-2,3-diphenyloxirane exhibits the following physical and
spectroscopic characteristics: mp 43.5-44.5°C; lit.4 48-47°C; 'H NMR (500 MHz,
CDClg) : 1.47 (s, 3 H), 3.97 (s, 1 H), 7.28-7.48 (m, 10 H); 13C NMR (125 MHz, CDCl3)
8: 16.9, 63.3, 67.3, 125.3, 126.7, 127.7, 127.9, 128.4, 128.7, 136.1, 142.5; EIMS (20
eV) m/z 210 (M*, 91), 209 (52), 195 (44), 181 (39), 167 (100); HRMS for C15H140
(M+), caled 210.1045, found 210.1047.

Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washingtdn, BC, 1995.
3. Discussion

Dioxiranes5 are powerful oxidants for epoxidation of olefins under mild and

neutral reaction conditions.6 These epoxides are important and versatile
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intermediates in organic synthesis.” The most commonly used dioxiranes, i.e.,
dimethyldioxirane and methyl(trifluoromethyl)dioxirane, can be obtained by
distillation.8 For preparative epoxidation, an operationally simple method is to
generate dioxiranes in situ from ketones and Oxone®. Compared with acetone, 1,1,1-
trifluoroacetone is much more reactive for in situ epoxidation aithough a 10-fold
excess is usually used.9 Therefore, it will be desirable to employ commercially
available ketones in low catalyst loading with a minimal amount of Oxone® for
epoxidation.

The procedure described here provides a simple and convenient method for the
preparation of a variety of epoxides. It uses Oxone®, an inexpensive, safe, and easily
handled reagent as the terminal oxidant. The epoxidation reactions are
environmentally acceptable processes as Oxone® only produces non-toxic potassium
hydrogen sulfate and oxygen as the by-products. '

As shown in the Table, with 5 mol% of 1,1-dioxotetrahydrothiopyran-4-one as
catalyst,10 epoxidation of various olefing (2-mmol scale) in a homogeneous
acetonitrile-water solvent system with 1.5 equiv of Oxone® at room terhperature can be
achieved in a short period of time with excelient yields of epoxides (80-97%) isolated
by flash column chromatography.2 As the pH of the reaction is maintained at 7-7.5 by
sodium bicarbonate, acid- or base-labile epoxides (entries 12-14) can be easily
isolated without decomposition. More importantly, the in situ epoxidation of olefins can
be performed on a large scale directly with 5 mol% of tetrahydrothiopyran-4-one,
which is oxidized immediately by Oxone® to 1,1-dioxotetrahydrothiopyran-4-one
during the epoxidation reactions. For example, with 5 mol% of tetrahydrothiopyran-4-
cone, substrates 3, 5 (20 mmol each) and 11 (100 mmol} were epoxidized with

excellent isolated yields of epoxides (91-96%).
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Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong
Kong.

Yang, D.;lYip, Y.-C.; Jiao, G.-S.; Wong, M.-K. J. Org. Chem. 1998, 63, 8952.
Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923.

Schaap, A. P.; Siddiqui, S.; Prasad, G.; Palomino, E.; Sandison, M. Tetrahedron
1985, 41, 2229.

For excellent reviews on dioxirane chemistry see: (a) Adam, W.; Curci, R.;
Edwards, J. O. Acc. Chem. Res. 1989, 22, 205; (b) Murray, R. W. Chem. Rev.
1989, 89, 1187; (¢) Curci, R. In "Adv. Oxygenated Processes"; Baumstark, A. L.,
Ed.; JAl Press: Greenwich, CT, 1990; Vol. 2, p. 1; (d) Adam, W.; Hadjiarapoglou,
L. P. In *Topics in Current Chemistry"; Springer-Verlag: Berlin, 1993; Vol. 164, p.
45,

For recent examples of synthetic applications of dioxirane epoxidations, see:
(a} Deshpande, P. P';, Danishefsky, S. J. Nature 1997, 387, 164; (b) Roberge, J.
Y.; Beebe, X.; Danishefsky, S. J. J. Am. Chem. Soc. 1998, 120, 3915; (c)
Nicolaou, K. C.; Winssinger, N.; Pastor, J.; Ninkovic, S.; Sarabia, F.; He, Y;
Vourioumis, D.; Yang, Z.; Li, T.; Giannakakou, P.; Hamel, E. Nature 1997, 387,
268; (d) Yang, D; Ye, X.-Y.; Xu, M; Pang, K-W.; Zou, N.; Leicher, R. M. J. Org.
Chem. 1998, 63, 6446.

For reviews, see: (a) Gorzynski Smith, J. Synthesis 1984, 629; (b)-Besse, P;
Veschambre, H. Tetrahedron 1994, 50, 8885,

For an example of isolation of dimethyldioxirane by the distillation method, see:
(a) Murray, R. W.; Jeyaraman, R. J. Org. Chem. 1985, 50, 2847. For examples
of isolation of methyl(trifluocromethyl)dioxirane by the distillation method, see:
(b) Mello, R.; Fiorentino, M.; Fusco, C.; Curci, R. J. Am. Chem. Soc. 1989, 111,
6749; (c) Adam, W.; Curci, R.; Gonzalez-Nunez, M. E.; Mello, R. J. Am. Chem.
Soc. 1991, 113, 7654.

229



Yang, D.; Wong, M.-K;; Yip, Y.-C. J. Org. Chem. 1885, 60, 3887.
Although 1,1-dioxotetrahydrothiopyran-4-one acts as a catalyst for epoxidation
and can be recovered (~80%) by column chromatography (see reference 2), it

is more convenient to use tetrahydrothiopyran-4-one directly for epoxidation.
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Substrates:

TABLE

IN SITU EPOXIDATION OF OLEFINS

h Me
PH e P "0H
2

1 3
h
Me
. @1
P
5 6 7

Ej(j CHa(CHz)r/s\(CHg)COgMe
- 10 1
P HO S S NSNS
12 13 14
Entry Substrate Reaction Time (hr)a Epoxide Yield (%)°
1 1 5 95
2 2 T a5 87
3 3 1.5 (1.7) 95 (96¢)
4 4 15 81
5 5 4 (3.5%) 97 (91°) '
6 6 2.5 94
7 7 0.5 83
8 8 4 95
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Table (contd.)

Entry Substrate Reaction Time (hr)a Epoxide Yield (%)P
9 9 25 85
10 10 3 96
11 11 0.5 (24) 96 (924)
12 12 4.5 80
13 13 3.5 a5
14 14 ) 25 92

aTime for epoxidation to be completed as shown by TLC or GC analysis. blsolated
yield. €20-mmol scale reaction with 5 mol% of tetrahydrothiopyran-d-cne. 9100-mmol

scale reaction with 5 mol% of tetrahydrothiopyran-4-one.

Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

Tetrahydrothiopyran-4-one: 4H-Thiopyran-4-one, tetrahydro- (8,9); (1072-72-6)
Oxone: Peroxymonosulfuric acid, monopotaséium salt, mixt. with dipotassium suifate
and potassium hydrogen sulfate (39) (37222-66-5)
trans-2-Methyl-2,3-diphenyloxirane: Oxirane, 2-methyl-2,3-diphenyl-,

trans- (9); (23355-99-9)

trans-a-Methylstilbene: Stilbene, a-methyl-, (E)-; Benzene, 1,1'-(1-methyl-1,2-
ethenediy!bis-, (E)- (9): (833-81-8)

Acetonitrile (8,9); (75-05-8)
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Ethylenediaminetstraacetic acid, disodium salt, dinydrate: Acetic acid,
(ethylenedinitrilo)tetra-, disodium salt, dihydrate (8); Glycine, N,N*-1,2-
ethanediylbis[N-(carboxymethyl)-, disodium salt, dihydraie (9); (6381-92-6)
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METHYL CARBAMATE FORMATION VIA
MODIFIED HOFMANN REARRANGEMENT REACTIONS:
METHYL N-(p-METHOXYPHENYL)CARBAMATE

(Carbamic acid, (4-methoxyphenyl)-, methyl ester)

NH, NBS, DBU

N.__OCHj
MeOH, refiux 45 min /©/ \I(])/
H,CO H,CO

Submitted by Jeffrey W. Keillor! and Xicai Huang.

Checked by Scott Ceglia and Edward J. J. Grabowski.
1. Procedure

To a 1-L, round-bottomed flask equipped with a stirring bar are added p-
methoxybenzamide (10 g, 66 mmol), N-bromosuccinimide (NBS) (11.9 g, 66 mmol),
1,8-diazabicyclo[5.4.0Jundec-7-ene {DBU) (22 mL, 150 mmol) and methanol (300 mL)
(Note 1). The solution is heated at reflux for 15 min (Note 2), at which point an
additional aliquot of NBS (11.9 g, 66 mmol) is added slowly. The reaction is allowed
to continue for another 30 min (Note 3). Mt;thanol is removed by rotary evaporation
and the residue is dissolved in 500 mL of ethyl acetate (E1OAc). The EtOAc solution is
washed with 6 N hydrochloric acid (HCI) {2 x 100 mL), 1 N sodium hydroxide (NaOH)
(2 x 100 mL) and saturated sodium chioride {NaCl), and then dried over magnesium
sulfate (MgSQOg4). The solvent is removed by rotary evaporation and the product,
methyl N-(p-methoxyphenyl}carbamate, is purified by flash column chromatography
[50 g of silica gel, EtOAc / hexane (1:1)] to give a pale yellow solid (11.1 g, 93%),

which is further purified by recrystallization from 500 mL of hexane (Note 4). Another
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1.4 g of product (total 8.8 g, 73%) is obiained from the mother liquor by recrystallization

from 100 mL of hexane.

2. Notes

1. p-Methoxybenzamide, NBS and DBU were purchased from the Aldrich
Chemical Company, Inc.

2. The reaction mixt'ure is heated using an oil bath.

3. Reaction progress can be foliowed by thin layer chromatography using EM
Science silica ge! 80 F254 aluminum-backed plates, eluted with EtOAc/hexane (1:1)
and visualized using a 254 nm UV lamp.

4. Methyl N-(p-methoxyphenyl)carbamate prepared by this procedure was
characterized as follows: mp (uncorr.) 88.5-89.5°C (lit.2 mp 88-89°C); TH NMR (500
MHz, CDCl3) 8: 3.77 (s, 3 H), 3.78 (5, 3 H), 6.50 (bs, 1 H), 6.90 (m, 2 H), 7.26 (m, 2 H);
13C NMR (100 MHz, CDClg) §: 52.1, 55.3, 114.1, 120.6, 130.9, 154.5, 155.8; FTIR
spectrum (CHCl3) em-1: 3437, 3080, 2963, 1734, 1600, 1511, 1464, 1298, 1226,
1181, 1076, 1035; Calcd for CgH{{NOg: C, 59.7; H, 6.1; N, 7.7. Found: C, 59.6; H,
6.3 N, 7.7.

Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1995.
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3. Discussion

This method offers a rapid, efficient and particularly mild preparation of methyl
carbamates, and has been used with success with a variety of primary amides3 (see
Table). These carbamates are easily hydrolyzed to free amines, making this method
particularly useful for making 15N-labeled anilines containing electron-donating
substituents, such as p-anisidine, 2,4-dimethoxyaniline and 4-dimethylaminoaniline.
Although other methods are available for the preparat'ion of methyl carbamates,
including the use of NaOH/Brp,4 iodine(lll) species,® lead tetraacetate,® and NBS-
Hg(OAc)2,” none of these methods are mild enough to permit the clean conversion of
p-methoxybenzamide, since they cause further oxidation of the product. Currently, the

best altemative method is the use of NBS/NaOMe reported earlier by this laboratory.8

1. Département de chimie, Université de Montréal, Montréal, Québec, Canada
H3C 3J7.

Esch, P. M.; Hiemstra, H.; Speckamp, W. N. Tetrahedron 1992, 48, 3445-3462.
Huang, X.; Seid, M.; Keillor, J. W. J. Org. Chem. 1997, 62, 7495-7496.

Wallis, E .S.; Lane, J. F. Org. React. 1946, 3, 267-306.

Moriarty, R. M.; Chany Il, C. J,; Vaid, R. K,; Prakash, O,; Tuladhar, S. M. J. Org.

a + w N

Chem. 1993, 58, 2478-2482.
6. Baumgarten, H. E.; Smith, H. L.; Stakiis, A. J. Org. Chem. 1975, 40, 3554-3561.
7. Jew, S.-S; Park, H. G.; Park, H.-J.; Park, M.-S.; Cho, Y.-S. Tetrahedron Lett.
1990, 37, 1559-1562.
8. Huang, X.; Keillor, J. W. Tetrahedron Left. 1997, 38, 313-316.
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Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Regisiry Number)

Methyl N-(p-methoxyphenyl)carbamate: Carbamic acid, (4-methoxyphenyl)-, methyl
ester (9); (14803-72-6)

p-Methoxybenzamide: Benzamide, 4-methoxy- (9); (3424-93-9)
N-Bromosuceinimide: Succinimide, N-bromo- (8); 2,5-Pyrrolidinedione,

1-bromo- (9); (128-08-5)

1,8-Diazabicyclo[5.4.0]undec-7-ene; DBU: Pyrimide[1,2-ajazepine, 2,3,4,6,7,8,9,10-
octahydro- (8,9), (6674-22-2)
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TABLE

CONVERSION OF AMIDES TO METHYL CARBAMATES WITH NBS/DBU

j\ NBS. DBU /E

R” "NH, MeOH, reflux 45 min R \[(OCHs
(0]
Ra Yield,P Obs. mp,¢ Lit. mp,
{%) (°C) (°C)

3,4-(Me0)2CgHa- 89 80-81 81d
p-MeCgHg4- 84 98-99 99-101e
CeHs- 95 45-46 47-48.5¢
p-ClCgHs- a4 113-115 115-117€
p-NO2CgH4- 70f 177-178 177.5-1789
CeHsCHa2- 95 64-65 gsh
CH3(CH2)g- 90 <t -
CH3(CHz)14- 73 ., 6162 61-62i

2Prepared from the corresponding carboxylic acid or acid chloride.

bRefers to pure isolated and characterized product.

SDetermined in capillary tubes and uncorrected.

dBrunner, O.; Wahrl, R. Monatsh. 1933, 63, 374-384.

eFujisaki, S.; Tomiyasu, K.; Nishida, A.; Kajigaeshi, S. Bull. Chem. Soc. 'Jpn. 1988, 617,
1401-1408.

fOvernight reflux.

9Hegarty, A. F.; Frost, L. N. J. Chem. Soc., Perkin Trans. 21973, 1719-1728.
hChabrier de la Saulniére, P. Ann. Chim. 1942, 17, 353-370.

iReference 3.
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TRIBUTYLSTANNANE (Bu3zSnH)-CATALYZED BARTON-McCOMBIE
DEOXYGENATION OF ALCOHOLS: 3-DEOXY-1,2:5,6-BIS-O-(1-
METHYLETHYLIDENE)-o-D-RIBO-HEXOFURANOSE

(a-D-ribo-Hexofuranose, 3-deoxy-1,2:5,6-bis-O-(1-methylethylidene)-)

M
o J
pyridine
03<M & + G "OPh —gich,
Me r.t,
7.5% (BuaSn)ZO
B PHMS -
Me AIBN Me
BuOH
Me benzene, A Me

Submitled by Jordi Tormo and Gregory C. Fu.!
Checked by Jan W. Thuring and Andrew B. Holmes.

1. Procedure

A, 1,2:5,6-Bis-O-(1-methylethylidens)-O-phenyl! carbonothioate-a-D-gluco-
furanose {1). All glassware is oven-dried. A 250-mL, two-necked, round-bottomed
flask is fitted with a magnetic stirring bar and an argon inlet. Under a gentle flow of
argon, the flask is charged with 100 mL of anhydrous dichloromethane (CH2Cl2) (Note
1) and 12.6 g (48.2 mmol) of 1,2:5,6-di-O-isopropylidene-D-glucose (Note 2). The flask

is immersed in an ice bath, stirring is started, and 7.34 mL (53.1 mmol) of phenyl
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chlorothionoformate (Note 3) and 4.63 mL (57.9 mmol) of pyridine (Note 4) are added
by syringe. After 30 min, the ice bath is removed, and the resulting mixture is stirred at
room temperature for 14 hr. Then, in order to destroy the excess phenyl
chlorothionoformate, 5 mL of anhydrous methanol (MeOH) (Note 5) is added via
syringe, and the mixture is stirred at room temperature for 15 min. The resulting
solution is washed with 100 mL of agueous hydrochloric acid (HCI) (1 N) and 100 mL
of brine, dried over anhydrous sodium sulfate (NapSQy), filtered, and concentrated
under reduced pressure. The crude product (20.5 g; yellow oil) is triturated by the
addition of hexane (50 mL), scratched with a spatula and stirred for 30 min at 0°C. The
cream-colored solid is collected by filtration of the cold suspension and washed with a
minimal amount (5-10 mL) of hexane to give 15.2 g of 1. Recrystallization from
hexane (50 mL) affords the product as white crystals (13.9 g; 74%). The mother
liquors are combined and evaporated to dryness to give a residue that is recrystallized
from hexane (10 mL) to give a second crop of 1 (1.50 g; 8%) (Notes 6, 7 and 8).

B. 3-Deoxy-1,2:5,6-bis-O-(1-methylethylidene)-a-D-ribo-hexofurancse (2). All
glassware is oven-dried. A 250-mL, two-necked, round-bottomed flask is fitted with a
magnetic stirring bar and a reflux condenser with an argon inlet. Under a gentle flow
of argon, the flask is charged with 15 mL of anhydrous benzene (Note 9) and 13.0 g
(32.7 mmol) of 1. To this mixture are added via Jcannula a sojution of 0.620 mL (1.21
mmol) of bis(tributyltin) oxide [(BuzSn)2Q] (Note 10), 0.800 g (4.90 mmol) of 2,2'-
azobis(isobutyronitrile) (AIBN) (Note 11}, 9.81 g (164 mmol) of
poly(methylhydrosiloxane) (PMHS) (Note 12), and 16.4 mL (180 mmol) of 1-butanol
(Note 13} in 20 mL of anhydrous benzene. The resulting mixture is heated at reﬂux for
3 hr, after which time a solution of 0.620 mL (1.21 mmol) of (BugSn)20 and 0.800 g
(4.90 mmol) of AIBN in 9 mL of anhydrous benzene is added via cannula. The
reaction mixture is heated at reflux for an additional 3 hr. The solution is allowed to

cool to room temperature, and then transferred to a 1-L, one-necked, round-bottomed

240

flask. Benzene and excess 1-butanol are removed under water pump vacuum, and
the resulting residue is redissolved in 100 mL of THF (Note 14). To this solution is
added SLOWLY (Note 15) 400 mL of aqueous sodium hydroxide {(NaCH) (2 N). The
resulting mixture is stirred at room temperature for 15 hr. The layers are separated,
and the aqueous layer is extracted twice with 100 mL of diethyl ether. The combined
organic layers are washad with 100 mL of aqueous HCI (1 N) and 100 mL of brine,
dried over anhydrous NapSOy, filtered, and concentrated under reduced pressure.
The resulting residue is purified by chromatography (Note 16) to give 6.2-6.4 g (76-
80%) of 2 as a pale-yellow oil (Notes 17 and 18).

2. Notes

1. Laboratory grade dichloromethane was first distilled and then was further
purified and dried by distillation from calcium hydride. The submitters used solvent
supplied by EM Science.

2. 1,2:5,6-Di-O-isopropylidene-D-glucose (diacetone-D-glucose; Aldrich
Chemical Company, Inc., 98%) was used without purification.

3. Phenyl chlorothionoformate {(Aldrich Chemical Company, Inc., 99%) was
used without purification,

4. Pyridine (Aldrich Chemical Company, Inc.) was purified by distilfation from
calcium hydride. .

5. Methanol was used as supplied by Merck & Company, Inc. or Mallinckrodt
Inc.

6. Both crops were pure as judged by elemental analysis. The combined yield
ranged from 15.4-17.3 g (82-90%). The checkers found the recrystallization procedure
to be more convenient (albeit in slightly lower yield) than isolation by chromatography.

The residue can alternatively be purified by flash column chromatography with 30 g of
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silica (Merck 9385 Kieselgel 60, 230-400 ASTM) per g of residue, eluting with a
gradient of 0 — 50% EtOAc/hexane to afford 18.0 g (94%, the checkers obtained 91%
on half scale) of 1 as a colorless solid, mp 108-110°C (Notes 7 and 8).

7. TLC analyses (Hf = 0.47, in EtOAc/hexane 7:3; the submitiers observed Rf =
0.49 in EtOAc/hexane 4:1) were perforrhed on 0.25-mm Merck 60 Fos4 silica gel plates
(the submitters used 0.25-mm silica gel 60 plates supplied by EM Reagents) that were
stained with a solution of phosphomolybdic acid in 95% ethanol.

8. Compound 1 (jali? -44.9° (CHCla, ¢ 0.6), lit2 [y -43° (CHCI3)) has the
following spectral data: 'H NMR (250 MHz, CDCl3) 8: 1.35 (s, 3 H), 1.38 (s, 3 H), 1.45
(s, 3 M), 1.56 (s, 3 H), 4.04-4.15 (m, 2 H), 431 (m, 2 H), 478 (d, 1 H, J=4),5.65 (d, 1 H,
J=2),597(d, 1H J=4),7.12(d,2H,J=8),7.31{, 1 H,J=8), 744 (1, 2H,J=T7);
13C NMR {62.5 MHz, CDCls) &: 25.7, 26.7, 27.1, 27.3, 67.5, 72.7, 80.1, 83.3, 85.5,
105.4, 109.9, 112.9, 122.1, 127.2, 130.0, 153.7, 194.1; IR (KBr pellet) cm-1; 2987,
1164, 1082, 948, $17. HRMS (FAB) m/z Calcd for C1gH2407S: 396.1243. Found:
396.1243. Anal. Calcd for C1gH2407S: C, 57.6; H, 6.1. Found: C, 57.5; H, 6.1.

9. Benzene (Aldrich Chemical Company, inc. or EM Science) was purified by
distillation from sodium benzophenone ketyl. CAUTION: Benzene is harmful as a
vapor and by skin absorption, and it should always be handled in a well-ventilated
hood. Chronic exposure may cause fatal blood disease.

10. (BuzSn)20 (Aldrich Chemical Compa;my, Inc. or Gelest) was distilled [bp
140-142°C (0.1 mm)] before its use.

11. 2,2*-Azobis(isobutyronitrile) (98%; Aldrich Chemical Company, Inc.) was
used without purification.

12. Poly(methylhydrosiloxane) (Fluka Chemical, Corp.) was degassed overnight

under fuli vacuum at 25°C (~0.1 mm) prior to use.

13. Anhydrous 1-butanol (99.8%; Aldrich Chemical Company, Inc.) was used
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without purification.

14. Tetrahydrofuran (Merck or EM Science) was used without purification.

15. The addition of base should be slow, as the aqueous NaOH (2 N) cleaves
the siloxanes and ionizes the phenol that is generated in the reaction. The reaction is
vigorous.

16. Flash column chromatography is performed with 30 g of silica (Merck 9385
Kieselgel 60, 230-400 ASTM) per gram of residue, eluting with a gradient of 0 — 50%
EtOAc/hexane.

17. TLC analyses (R = 0.32, in hexane:EtOAc 7:3; the submitters observed Ry =
0.33 in hexane:EtOAc 4:1) were performed on 0.25-mm Merck 60 Fas4 silica Qel plates
(the submitters used 0.25-mm silica gel 60 plates supplied by EM Reagents) that were
stained with a solution of phosphomolybdic acid in 95% ethanol.

18. Compound 2 ([a2° 8.1° (CHCI3, ¢ 2.4), lit3 [a))’ -8.5° (CHCI3, € 1.5)) has
the following spectral data: TH NMR (250 MHz, CDCl3) §: 1.32 (s, 3 H), 1.36 (s, 3 H},
1.43 (s, 3 H), 1.51 (s, 3 H), 1.77 (m, 1 H), 2.19 (dd, 1 H, J =4, 14), 3.82 (m, 1 H), 4.12
(m, 3H),475(, 1H,J=4),581(d, 1H J=4); 13C NMR (62.5 MHz, CDClg3) 8: 25.5,
26.5, 26.8, 27.1, 35.6, 67.6, 77.2, 79.0, 80.8, 106.0, 110.0, 111.7; IR (neat)
cm-1: 1064, 957, 941. HRMS (FAB) m/z Calcd for C12H200s: 244.1311. Found:
244.1312. Anal. Caled for C1aHg¢0s: C, 59.0; H, 8.2. Found: C, 59.0; H, 8.3.

Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1995.
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3. Discussion

The Barton-McCombie protocol for the deoxygenation of alcohols4.5 is an
extremely useful method that has found widespread application in synthetic organic
chemistry.8 This radical-mediated process typically employs 1.5-3 equiv of BugSnH?
as the reducing agent. Because some tributyltin-containing compounds are toxic,8
and product isofation from large quantities of organotin residues can be difficult,® the
development of alternative reducing agents to BusSnH has been an active area of
investigation. Indeed, it has been established that silicon hydrides10 and dialky!
phosphites?! can serve as substitutes for Bu3SnH in many instances. Despite these
facts, BuzSnH continues to be the reagent most commonly used for effecting this
reduction.12

Given this, the development of a reaction variant in which BugSnH is employed
as a cafalyst, while a non-toxic second metal hydride serves as the stoichiometric
reductant, has significant practical advantages. The procedure reported here uses 15
mol% BuaSnH [generated in situ from (Bu3Sn)2013] in conjunction with
poly(methylhydrosiloxane) (PMHS)14.15 (for the proposed catalytic cycle, see the

figure below).16

iOPh catalyst
n‘i# S—0Ph

cos R1)H\R2

BuySn—OPh Si—H
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Additional applications of this methcd to the deoxygenation of secondary

alcohols are provided in the Table.

TABLE
j\ 7.5% (Bu3Sn),0
i OPh PHMS i
R R2 AIBN RY "R?
BuOH

benzene or toluene, A

Substrate Product Isolated Yield (%)
O\I(OPh H
Me Me
H

p.j\("j(m’“ P 70
Ph S

e a

M 0 M

Deporn "By

Hi— s Hi—= ®

H
Pt Vo
M Me Me

Me

68

(]
O\erPh H
S

e
/\Me /\Me
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10.

Department of Chemistry, Massachusetts Institute of Technology, Cambridge,
MA 02139.

Shasha, B. 8.; Doane, W. M; Russell, C. R.; Rist, C. E. Carbohyd. Res. 1968, 6,
34-42,

Sano, H.; Takeda, T.; Migita, T. Synthesis 1988, 402-403.

Barton, D. H. R.; McCombie, S. W. J. Chem. Soc., Perkin Trans. 11975, 1574-
1585,

The use of phenyl thicnocarbonate esters was pioneered by Robins: (a)
Robins, M. J.; Wilson, J. 8. J. Am. Chem. Soc. 1981, 103, 932-933; (b} Robins,
M. J.; Wilson, J. S.; Hansske, F. J. Am. Chem. Soc. 1983, 105, 4059-4065.

(a) Hartwig, W. Tetrahedron 1983, 39, 2609-2645; (b) McCombie, S. W. In
“Comprehensive Organic Synthesis"; Trost, B. M., Ed.; Pergamon; New York,
1991; Vol. 8, Chapter 4.2; (c} Crich, D.; Quintero, L. Chem. Rev. 1989, 89,
1413-1432; (d) Pereyre, M.; Quintard, J.-P.; Rahm, A. "Tin in Organic Synthesis";
Butterworths: Boston, 1987; Chapter 5.

For reviews of the chemistry of BuaSnH, see: (a) Neumann, W. P. Synthesis
1987, 665-683; (b) RajanBabu, T. V. In "Encyclopedia of Reagents for Organic
Synthesis'; Paquette, L. A., Ed.; Wiley: New York, 1995; Vol. 7, pp. 5016-5023.
(a) De Mora, S. J. "Tributyltin: Case Stud_y of an Environmental Contaminant”;
Cambridge University Press: Cambridge, UK, 1996; (b) Boyer, I. J. Toxicology
1989, 55, 253-298.

For a succinct discussion, see: Crich, D.; Sun, S. J. Org. Chem. 1996, 61, 7200-
7201.

For an overview of the use of silanes as reducing agents in the Barton-
McCombie deoxygenation, see: Chatgilialoglu, C.; Ferreri, C. Res. Chem.
Intermed. 1993, 19, 755-775.
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11.

12.

13.

14.

15.

16.

Barton, D. H. R.; Jang, D. O.; Jaszberenyi, J. Cs. J. Org. Chem. 1993, 58, 6838-
6842.

This statement is based on a search of the Beilstein Crossfire database.

Prices from Aldrich Chemical Company, Inc., per mole of tin are as follows:
(BuaSn)20: $38; BuaSnH: $250. Unlike BuzgSnH, (BuzSn)20 is not sensitive to
light, O, or adventitious impurities.

Prices from Aldrich Chemical Company, Inc., per mole of hydride are as follows:
PMHS: $6; BusSnH: $250.

Dsp of PMHS: 80 grkg: Klyaschitskaya, A. L.; Krasovskii, G. N.; Fridlyand, S. A.
Gig. Sanit. 1970, 35, 28-31; Chem. Abs. 1970, 72, 124864r.

Lopez, R. M.; Hays, D. S.; Fu, G. C. J. Am. Chem. Soc. 1997, 119, 6949-6950.
The BuzSnH-catalyzed decxygenation of dithiocarbonates requires more

vigorous reaction conditions.

Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

Tributylstannane: Stannane, tributyl- (8,9); (688-73-3)

3-Deoxy-1,2:5,6-bis-O-(methylethylidene)-a-D-ribo-hexofuranose: D-ribe-

Hexofuranose, 3-deoxy-1,2:5,6-bis-O-isopropylidene, «- (8); o-D-ribo-

Hexofuranose, 3-deoxy-1,2:5,6-bis-O-(1-methylethylidene)- (9); (4613-62-1)
1,2:5,6-Bis-O-(1-methylethylidene)-, O-phenyl carbonothioate-a-D-glucofuranose:

Glucofuranose, 1,2:5,6-di-O-isopropylidene, O-phenyl thiocarbonate, a-D- (8);

o-D-Glucofuranose, 1,2:5,6-bis-O-(1-methylethylidene)-, O-phenyl thiocarbonate (9);

(19189-62-9)
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1,2:5,6-Di-O-isopropylidene-D-glucose: Glucofuranose 1,2:5,6-di-O-isopropylidene-a.-
D- (8); o-D-Glucofuranose, 1,2:5,6-bis-O-(1-methylethylidens)- (3); (582-52-5)
Phenyl chlorothionoformate: Formic acid, chlorothio-, O-phenyl ester (8);
Carbonochloridothioic acid, O-phenyl ester (9); (1005-56-7)

Pyridine (8,9); (110-86-1)

Benzene: CANCER SUSPECT AGENT (8,9); (71-43-2)

Bis(tributyltin) oxide: Distannoxane, hexabutyl- (8,9); (56-35-9)
Azobisisobutyronitrile: Propionitrile, 2,2-azobis[2-methyl- (8); Propanenitrile, 2,2'-
azobis[2-methyl- (9); (78-67-1)

Poly(methylhydrosiloxane): PMHS: Poly[oxy(methylsilylene)] (8,9); (8004-73-3)
1-Butanol: Butyl alcohol (8); 1-Butanol (9); (71-36-3)
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2-(3-OXOBUTYL)CYCLOPENTANONE-2-CARBOXYLIC
ACID ETHYL ESTER

(Cyclopentanecarboxylic acid, 2-oxo-1-(3-oxobutyl)-, ethyl ester)

o)

CO,Et \j\ FeCls - 6 HoO
+ ~ Me — Me

2 mol% COZE‘(
no solvent

Submitted by Jens Christoffers.!
Checked by Richard Heid and Edward J. J. Grabowski.

1. Procedure

A 50-mL, round-bottomed flask (Note 1), equipped with a magnetic stirring bar,
is charged with cyclopentanons-2-carboxylic acid ethyl ester (25.0 g, 160 mmol) (Note
2) and iron(lll)chloride hexahydrate (865 mg, 3.20 mmol). The flask is kept in a water
bath at room temperature (external temperaturs) (Note 3), and methyl vinyl ketone
(MVK) (15.0 mL, 12.7 g, 182 mmol) (Notes 4 and 5) is added within 1 hr using a
syringe pump. The resulting mixture is stirred for 12 hr at room temperature, then all
volatile materials are removed under reduced pressure from the reaction mixture (Note
6) at room temperature for 3 hr with continued stirring. Subsequently, the flask is
equipped with a Claisen top and condenser anq the product is distilled under high
vacuum (Note 7). The distillate is collected in a single receiver flask to afford 33.3-33.7
g (91-93%) of analytically pure 2-(3-oxobutyl)cyclopentanone-2-carboxylic acid ethyl

ester (Notes 8 and 9).
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2. Notes

1.. The reaction flask must be wide-necked to facilitate rapid distillation.

2. All starting materials were purchased from the Aldrich Chemical Company,
Inc., and used without further purification.

3. A water cooling bath is required to prevent the volatile MVK from being
evolved, since the reaction is slightly exothermic.

4. MVK is a hazardous and toxic material. All operations must be carried out in
a hood.

5. A little excess of MVK (1.1 equiv) is required, since this starting material is
very volatile. To obtain a very pure product, it is easier to remove an excess of the
Michael acceptor instead of the donor.

6. An excess of MVK is removed as well as small amounts of decomposition
(by hydrolysis) product cyciopentanone.

7. The bp of the product is 130°C at 1 mm. An oil bath temperature of 160-
170°C is necessary to achieve rapid distillation. Temperatures above 190°C lead to
decomposition, aithough a bath temperature of 200°C and the use of a heat gun at the
end might be necessary to transfer the distillate completely into one receiver ftask.
Moreover, vigorous stirring during distillation is advisable, since the compound tends
to delayed boiling. h

8. The distillate is pure by elemental analysis and is free from solvent
contamination. The physical properties are as follows: Cqy2H1g04 (226.27). Anal.
Calcd for C, 63.70; H, 8.02. Found C, 63.48; H, 7.93; Mcl. mass calcd. 226.1205,
found 226.1207 (HRMS). Speciral data: IR (ATR) cm-1. 2976 (m), 1748 (vs), 1717
(vs), 1448 (m), 1406 (m), 1367 (m), 1318 (m), 1260 (s), 1232 (s), 1165 (s), 1116 (M),
1029 (m), 861 (m); TH NMR (400 MHz, CDCig) & 1.23 (t, 3H, J=7.2), 1.82-2.03 (m, 4
H), 2.03 - 2.13 (m, 1 H), 2.12 (s, 3 H), 2.24 - 2.49 (m, 4 H), 2.69 (ddd, 1 H, J =18,J =
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9.6,J =6.0), 414 (g, 2 H, J = 7.1); 13C NMR (50 MHz, CDClz) 3: 13.29 (CH3), 18.84
(CHp), 26.24 (CHp), 29.00 (CH3), 33.22 (CHa), 37.07 (CHa), 38.01 (CHg), 58.23 (C).
60.23 (OCHg), 170.47 (C=0), 206.61 {C=0), 213.75 (C=0).

9. As an alternative to distillation and in accord with the observations of the
submitter, the checkers have shown that the reaction mixture can be diluted with 100
mL of methyl! t-butyl ether (MTBE), and filtered through a column of 150 g of silica gel
with sufficient flushing by MTBE to remove all product. Concentration of the MTBE on
a rotary evaporator followed by keeping the resulting oil at 1 mm/25° for 24 hr affords

product of comparable purity, except for traces of MTBE, and slightly improved yield.
Waste Disposal Information

All toxic materials were disposed of in accordance with “Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1995.
3. Discussion

Transition metat calalysis of the Michael reaction of 1,3-dicarbonyl compounds
with acceptor activated alkenes has been known since the early 1980's.2.3 Itis a
valuable alternative to the classic base catalysis of the reaction. Because of t_he mild
and neutral conditions, the chemoselectivity of these reactions is superiof to that
provided by base catalysis, since the latter suffers from various unwanted side or
subsequent reactions, such as aldol cyclizations, ester solvolyses or retro-Claisen type
decompositions. A number of transition metal and lanthanide compounds have been
reported to catalyze the Michael reaction, but FeCls - 6 H20 is one of the most efficient
systems to date. A number of B-diketones or p-oxo esters and MVK are cleanly

converted to the corresponding Michael reaction products within a few hours at room
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temperature, with quantitative yields being achieved in most cases.¢ No significant
excess of the Michael acceptor is required, and the amount of catalyst employed can
be as low as 1 mol%. Importantly, as long as the product and starting materials are
liquid at room temperature, solvents are unnecessary. Moreover, the reaction can be
performed without any need for anhydrous or inert conditions. Since no side reactions
are observed, work-up and purification are very simple: either direct distillation of the
product from the reaction mixture (as in the representative example shown here), or, if
the volatility of the compound doses not allow this, filtration through a short column of
silica gel, which removes all iron-containing materials. There are of course also a
number of other very efficient and mild systems for the catalysis of the Michael
reaction.® However, FeCls - 6 HoQO is the most readily available catalyst in this area,
and also with respect to economical and ecological considerations, it is the transition
metal compound of choice. Moreover, the procedure introduced here comes very
close to an "ideat synthesis" 8 since starting materials are converted stoichiometrically
and atom-economically without need of any reagents or even solvents and without

generation of any stoichiometric by-product.

1. Institut fir Organische Chemie der Technischen Universitat Berlin, Strafe des
17. Juni 135, D-10623 Berlin, Germany. )

2. (a) Nelison, J. H.; Howells, P. N.; DeLullo, G. C.; Landen, G. L.; Henry, R. A. J.
Org. Chem. 1980, 45, 1246-1249; (b) Watanabe, K.; Miyazu, K.; Irie, K. Bull.
Chem. Soc. Jpn. 1982, 55, 3212-3215.

3. Review: Christoffers, J. Eur. J. Org. Chem. 1998, 1259-1266.

4. (a) Christoffers, J. J. Chem. Soc., Chem. Commun, 1997, 943-944; (b)
Christoffers, J. J. Chem. Soc., Perkin Trans. 11997, 3141-3149.
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5. (a) Macquarrie, D. J. Tetrahedron Lett. 1998, 39, 4125-4128; (b) Boruah, A ;
Baruah, M.; Prajapati, D.; Sandu, J. S. Synth. Commun. 1998, 28, 653-658; (c)
see Ref. 3 for literature of 1997 or earlier.

6. Curran, D. P. Angew. Chem., Int. Ed. Engl. 1988, 37, 1175-1196.

Appendix
Chemical Abstracts Nomenclature (Collective Index Number);

(Registry Number)

2-(3-Oxobutyl)cyclopentanone-2-carboxylic acid ethyl ester: Cyclopentanecarboxylic
acid, 2-oxo-1-(3-oxobutyl)-, ethyl ester (10); (61771-81-1)
Cyclopentanone-2-carboxylic acid ethyl ester: Aldrich: Ethyl
2-oxocyclopentanecarboxylic acid: Cyclopentanecarboxylic acid, 2-oxo-, ethyl ester
(8,9); (611-10-9)

iron{lll) chioride hexahydrate: Iron chioride, hexahydrate (8.9); (10025-77-1)

Methyl vinyl ketone: 3-Buten-2-one (8,9); (78-94-4)
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1-0X0-2-CYCLOHEXENYL-2-CARBONITRILE

{(1-Cyclohexene-1-acetonitrile, 6-oxo-)

Submitted by Fraser F. Flema’ng1 and Brian C. Shook.'
Checked by Anne F. Vergne and Marvin J. Miller.

1. Procedure

1-Oxo-2-cyciohexenyi-2-carbonitrile. A dry, 100-mL, round-bottomed flask
containing a magnetic stirring bar is fitted with an inlet adapter for ozonolysis (Note 1,
Figure 1) and charged with 1-cyclopenteneacetonitrile (5.0 g, 46.7 mmol, Note 2} and
80 mL of dry dichloromethane (Note 3). A gentle stream of dry ozone is passed
through the solution and the flask is immediately cooled to -78°C (Note 4). Ozonolysis
is continued until the distinctive blue color of excess ozone is first observed,
ozonolysis is then terminated, and the excess ozone is removed by purging with a
stream of nitrogen for 5-10 min. The solution is allowed to warm to room temperature,
the ozonolysis adapter is replaced with a rubber septum, and neat dimethy! sulfide
(3.9 g, 62.1 mmol, Note 5) is added via syringe. The solution is allowed to stir at room
temperature for 36 hr during which time ’the solution changes in color from a pale
yellow to dark red. The resulting solution is concentrated under reduced pressure
using a rotary evaporator, and the resulting thick, red syrup is diluted with 40 mL of
ethyl acetate and washed with water (3 x 25 mL, Note 6). The aqueous phase is

extracted with ethyl acetate (3 x 25 mL), the organic phases are combined, rinsed with

254

brine in order to remove all DMSOQ, dried (MgS0jy), filtered, and concentrated. The
residual red oil (5.55 g, 98%) contains only trace impurities and can be used without
purification in most cases (Note 7). If required, further purification is achieved by rapid
radial chromatography (Note 8) on a 2-mm plate using the solvent delivery tip
designed for a 4-mm plate and eluting with 50% ethy! acetate-hexane (Note 9). The
desired fractions are combined and concentrated to provide 1-oxo-2-cyclohexenyl-2-

carbonitrile (4.8 g, 85% yield) as a pink oil (Note 10).

Figure 1

Outlet o
Kl trap

2. Notes

1. A short length of glass tubing (I. D. = 3 mm) is submerged (1 cm) beneath the

surface of the solvent and the outlet tubing is immersed in a saturated solution of

potassium iodide.2

2. 1-Cyclopenteneacetonitriie was purchased from Qakwood Products and
purified by Kugelrhor distillation (50-60°C at 5 mm) prior to ozonolysis. 1-

Cyclopenteneacetonitrile from other suppliers (Aldrich and Acros) was treated

similarly.
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3. Dichloromethane was distilled from calcium hydride.

4. The ozone is dried by passing the gas through a trap containing
concentrated sulfuric acid. The ozonolysis is initiated prior to cooling to -78°C to
prevent a vacuum from forming that would otherwise cause the potassium iodide
solution to be drawn into the reaction flask.

5. The dimethyl sulfide was purchased from Aldrich Chemical Company, Inc.,
and used without purification.

6. This extraction procedure ensures removal of the dimethy! sulfoxide that is
produced in the reaction.

7. The crude material reacts conjugately with phenylmagnesium bromide
affording the addition product in 49% yield compared to 55% obtained using
chromatographically pure 1«oxo-2-cyclohexenyl-2-carbonitrile.3

8. Rapid radial chromatography is essential since column chromatography
results in significant irreversible adsorption of 1-oxo-2-cyclohexenyl-2-carbonitrile. For
example, column chromatography of a relatively pure 3.0-g sample afforded only 0.5 g
of pure 1-oxo-2-cyclohexenyl-2-carbonitrile. However, the checkers observed that a
sample, purified as described by radial chromatography, survived flushing through a
plug of silica gel.

9. The crude oxonitrile is dissolved in 10 mL of 50% ethyl acetate-hexane
solution to afford a homogeneous solution. Incomplete removal of DMSQ (Note 6)
results in a two-phase mixture that, if loaded directly onto the silica plate, resuits in a
diminished yield through partial absorption of the oxonitrile on the silica gel.

10. The product solidifies on standing at -4°C and can be stored neat at this
temperature for several weeks or as a solution in benzene for at least two months. The
spectral data are as follows: IR (film) cm™1: 2233, 1698, 1615; "H NMR &: 2.10 tor
quintet, 2 H, J = 6), 2.53-2.61 (m, 4 H), 7.75 (t, 1 H, J = 4.2); '%C NMR &: 21.2 (t), 26.3
(1), 36.9 (1), 114.0 (s), 117.3 (s), 163.4 (d), 192.0 (s). MS m/e 122 (M + H").
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Waste Disposal Information

All toxic materials were disposed of in accordance with "Prudent Practices in the

Laboratory"; National Academy Press; Washington, DC, 1895.
3. Discussion

Highly electron-deficient alkenes are valuable reactants for both cycloaddition
and conjugate addition reactions. The demand for highly reactive cycloalkenones has

resulted in several syntheses of cycloalkenones containing an additional electron-

4 Oxonitriles represent an ideal compromise

withdrawing group on the a-carbon.
between high reactivity and stability toward storage and chromatography.5

The conversion of cyclopentenacetonitrile to 1-oxo-2-cyclohexenyl-2-
carbonitrite proceeds by a domino ozonolysis-aldol sequence (Scheme 1).6 Isolation
and characterization of the ozonide’ preclude the direct cyclization of the intermediate
carbonyl oxide and establish that the cyclization occurs after the addition of dimethyl
sulfide. Subsequent formation of the bis-oxonitriie (1H NMR analysis) occurs rapidly
and is followed by a slower cyclization-dehydration to afford 1-oxo-2-cyclohexenyl-2-

carbonitrile.

Scheme 1

o) o)

CN
o
é Os E?Ek MezS N .
0 7 HO
CN o
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The dominoc ozonolysis-aldol sequence represents a general method for
preparing 5-, 6-, and 7-membered cyclic oxonitriles (Scheme 2).6 Cyclization to 6-
membered ring oxonitriles proceeds as for the parent system, 1-oxo-2-cyclohexenyl-2-
carbonitrile, whereas the corresponding 5- and 7-membered oxonitriles are less prone
to cyclization. Cyclization of the 5- and 7-membered oxonitriles requires exposure of
the aldehyde intermediates to acid or base in order to promote the geomeirically more

chalienging cyclization.6

Scheme 2
(0]

Ry CN R CN R;=Me,R,=Ry=R,=H  83%
R —— R, Ry=H,RA,=Ry=Me,Ry=H 91%
2 R4 R1=R2=R3=H, R4=Me 91%

R

R3 R3 4
CN N R, = H, Ry = OTBDMS 85%
- R R, = Me, R, = OH. 53%
R; R, =Me, R, = OTMS 57%

0]
CN ;
— 58%

1-Oxo-2-cyclohexenyl-2-carbonitrile is an exceptional Michael acceptor that

5 In most cases the

reacts conjugately with Grignard reagents without catalysis.
intermediate enolates are silylated to afford substituted B-siloxy unsaturated nitriles,
several of which are excellent precursors 1o ¢cis- and trans-decaling (Scheme 3).8 For

example, unmasking the latent ketone enclate of siloxy unsaturated nitriles provides
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the cis-decalin in excellent yield while the trans-decaiin is obtained from the same

precursor by cyclizing the corresponding nitrile anion.

Scheme 3

T W _TBOMSCI

NaBHg4 BusNF
py-MeQOH THF, A

1. LINEto

2. TPAP,
NMO

1. Department of Chemistry and Biochemistry, Duquesne University, Pittsburgh,
PA 15282.

2. Belew, J. S. In “Oxidation: Technigues and Applications in Organic Synthesis”;
Augustine, R. L., Ed.; Marcel Dekker, Inc.: New York, 1969; Vol. 1, p 294.

3. Fleming, F.F.; Pu, Y; Tercek, F. J. Org. Chem. 1997, 62, 4883. ‘

4. (a) Crimmins, M. T.; Huang, S.; Guise, L. E.; Lacy, D. B. Tetrahedron Lett. 1995,
36, 7061; (b) Funk, R. L.; Fitzgerald, J. F.; Olmstead, T. A.; Para, K. S.; Wos, J. A.
J. Am. Chem. Soc. 1993, 115, 8849; (c) Schultz, A. G.; Harrington, R. E. J. Am.
Chem. Soc. 1991, 113, 4926; (d) Posner, G. H.; Mallamo, J. P.; Hulce, M.; Frye,
L. L. J. Am. Chem. Soc. 1982, 104, 4180; (e) Taber, D. F.; Amedio, Jr., J. C,;
Sherrill, R. G. J. Org. Chem. 1988, 51, 3382.
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Unchecked Procedures

5. The corresponding 5- and 6-membered ring esters are unstable to silica gel .
Accepted for checking during the period September 1, 1999

chromatography: (a) Liu, H. J.; Ngooi, T. K.; Browne, E. N. C. Can. J. Chem.
1988, 66, 3143; (b) Marx, J. N.; Cox, J. H.; Norman, L. R. J. Org. Chem. 1972,

through September 1, 2000. An asterisk (*) indicates that

the procedure has been subsequently checked.
37, 4489.

6. (a) Fleming, F. F.; Huang, A.; Sharief, V. A; Pu, Y. J. Org. Chem. 1997, 62,
3036; (b) Fleming, F. F.; Huang, A.; Sharief, V. A.; Pu, Y. J. Org. Chem. 1999,
64, 2830.

7. Tzouy, J-R.; Huang, A.; Fleming, F. F.; Norman, R. E.; Chang, S.-C. Acta

Previously, Organic Syntheses has supplied these procedures upon request.

However, because of the potential liability associated with procedures which have not
Crystallogr. Sect. C: Cryst. Struct. Commun. 1996, C52, 1012.

8. Fleming, F. F.; Shook, B. C.; Jiang, T.; Steward, O. W. Organic Lett. 1999, 7,

been tested, we shall continue to list such procedures but requests for them should be

directed to the submitters listed.
1547.

Appendix
Chemical Abstracts Nomenclature (Collective index Number);

(Registry Number)

1-Oxo-2-cyclohexenyl-2-carbonitrile: 1-Cyclohexene-1-carbonitrile, 6-oxo- (11);
(91624-93-0)

1-Cyclopenteneacetonitrile: 1-Cyclopentene-1-acetonitrile (9); (22734-04-9)
Ozone (8,9); (10028-15-6) '

Dimethyl sulfide: Methyl sulfide (8); Methane, thiobis- (9); (75-18-3)
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as possible the handling of potentially dangerous m_atenals; safely precgu ions v
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individuals using these procedures and hereby disclaim any liability forhany |n|ur:j s of
damages claimed to have resulted from or related in any way to the proce

herein.

Copyright® 2000 by Organic Syntheses, Inc.

Ali rights reserved.

oduction or translation of any part of this work beyond that
E:rpnl;itted by Section 107 or 108 of the 1976 United States Copyright

Act without permission of the copyright owner is unlawful.

Printed in the United States of America

NOTICE

With Volume 62, the Editors of Organic Syntheses began a new presentation
and distribution policy to shorten the time between submission and appearance of an
accepted procedure. The soft cover edition of this volume is produced by a rapid and
inexpensive process, and is sent at no charge to members of the Organic Divisions of
the American and French Chemical Society, The Perkin Division of the Royal Society
of Chemistry, and The Society of Synthetic Organic Chemistry, Japan. The soft cover
edition is intended as the personal copy of the owner and is not for library use. A hard
cover edition is published by John Wiley and Sons Inc. in the traditional format, and
differs in content primarily in the inclusion of an index. The hard cover adition is
intended primarily for library collections and is available for purchase through the
publisher. Annual Volumes 70-74 have been incorporated into the new five-year
version of the collective volumes of Organic Syntheses which has appeared as
Collective Volume Nine in the traditional hard cover format. It is available for purchase
from the publishers. The Editors hope that the new Collective Vo/umre series,
appearing twice as frequently as the previous decennial volumes, will provide a
permanent and timely edition of the procedures for personal and institutional libraries.
The Editors welcome comments and suggestions from users concerning the new

editions.
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NOMENCLATURE

Both common and systematic names of compounds are used throughout this
volume, depending on which the Editor-in-Chief felt was more appropriate. The
Chemical Abstracts indexing name for each title compound, if it differs from the titie
name, is given as a subtitle. Systematic Chemical Abstracts nomenclature, used in
the Collective Indexes for the title compound and a selection of other compounds
mentioned in the procedure, is provided in an appendix at the end of each
preparation. Registry numbers, which are useful in computer searching and
identification, are also provided in these appendixes. Whenever two names are
concurrently in use and one name is the correct Chemical Abstracts name, that name
is preferred.

SUBMISSION OF PREPARATIONS

Organic Syntheses welcomes and encourages submission of experimental
procedures which lead to compounds of wide interest or which illustrate important new
developments in methodology. The Editorial Board will consider proposals in outling
format as shown below, and will request full experimental details for those proposals
which are of sufficient interest. Tear-out copies of this form may be found at the back of
this volume. Submissions which are longer than three steps from commerciat sources
or from existing Organic Syntheses procedures will be accepted only in unusual
circumstances.

rganic Syntheses Proposal Format

1) Authors
2) Title
3) Literature reference or enclose preprint if available
4) Proposed sequence
5) Best current alternative(s)
6) a. Proposed scale, final product:
b. Overall yield:
c¢. Method of isolation and purification:
d. Purity of product (%):
e. How determined?
7) Any unusual apparatus or experimental technique?
8) Any hazards?
9) Source of starting material?
10) Utility of method or usefulness of product

Submitto:  Dr. Jeremiah P. Freeman, Secretary
Department of Chemistry
University of Notre Dame
Notre Dame, IN 46556



be evaluated in outline form, again after submission of full

i i i i inally by checking experimental
ntal details and discussion, and, finally .
S;(cl))czclirzis. A form that details the preparation of a complete procedure (Notice to

Submitters) may be obtained from the Secretary.

Proposals will

iti i i to the preparations previously
Additions, corrections, and |mprovem<_3nts ’
published are welcomed; these should be directed to the Secretary. - However,

i f such improvements will only be u \ i .
?:viﬁsgdq c’Substantia?lly improved procedures have been included in the Collective

Volumes in place of a previously published procedure.
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HANDLING HAZARDOUS CHEMICALS
A Brief Introduction

General Reference: Prudent Practices in the Laboratory, National Academy Press;
Washingion, DC, 1995.

Physical Hazards

Fire. Avoid open flames by use of electric heaters. Limit the quantity of
flammable liquids stored in the laboratory. Motors should be of the nonsparking
induction type.

Explosion. Use shielding when working with explosive classes such as
acetylides, azides, ozonides, and peroxides. Peroxidizable substances such as ethers
and alkenes, when stored for a long time, should be tested for peroxides before use.
Only sparkless "flammable storage” refrigerators should be used in laboratories.

Electric Shock. Use 3-prong grounded electrical equipment if possible.
Chemical Hazards

Because all chemicals are toxic under some conditions, and relatively few have
been thoroughly tested, it is good strategy to minimize exposure to all chemicals. In
practice this means having a good, properly installed hood; checking its performance
periodically; using it properly; carrying out all operations in the hood; protecting the
eyes; and, since many chemicals can penetrate the skin, avoiding skin contact by use
of gloves and other protective clothing at all times.

a. Acute Effects. These effects occur soon after exposure. The effects
include burn, inflammation, allergic responses, damage to the eyes, lungs, or nervous
system (e.g., dizziness), and unconsciousness or death (as from overexposure 1o
HCN). The effect and its cause are usually obvious and so are the methods to prevent
it. They generally arise from inhalation or skin contact, so should not be a problem if
one follows the admonition 'work in a hood and keep chemicals off your hands”.
Ingestion is a rare route, being generally the resuit of eating in the laboratory or not
washing hands before eating.

b. Chronic Effects. These effects occur after a long periad of exposure or
after a long latency period and may show up in any of numerous organs. Of the ]
chronic effects of chemicals, cancer has received the most attention lately. Several
dozen chemicals have been demonstrated to be carcinogenic in man and hundreds to
be carcinogenic to animals. Although there is no simple correlation between
carcinogenicity in animals and in man, there is little doubt that a significant proportion
of the chemicals used in laboratories have some potential for carcinogenicity in man.
For this and other reasons, chemists should employ good practices at all times.
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The key to safe handling of chemicals is a good, properly instailed hood,
and the referenced book devotes many pages to hoods and ventilation. It
recommends that in a laboratory where people spend much of their time working with
chemicals there should be a hood for each two people, and each should have at least
2.5 linear feet (0.75 meter) of working space at it. Hoods are more than just devices to
keep undesirable vapors from the laboratory atmosphere. When closed they provide a
protective barrier between chemists and chemical operations, and they are a good
containment device for spills. Portable shields can be a useful supplement to hoods;
or can be an alternative for hazards of limited severity, e.g., for small-scale operations
with oxidizing or explosive chemicals.

Specialized equipment can minimize exposure to the hazards of laboratory
operations. Impact resistant safety glasses are basic equipment and should be worn
at all times. They may be supplemented by face shields or goggles for particular
operations, such as pouring corrosive liquids. Because skin contact with chemicals
can lead to skin irritation or sensitization or, through absorption, to effects on internal
organs, protective gloves should be worn at all times.

{ aboratories should have fire extinguishers and safety showers. Respirators
should be available for emergencies. Emergency equipment should be kept in a
central location and must be inspected periodically.

MSDS (Materials Safety Data Sheets) sheets are available from the
suppliers of commercially available reagents, solvents, and other chemical _matgrials;
anyone performing an experiment should check these data sheets before initiating an
experiment to learn of any specific hazards associated with the chemicals being used

in that experiment.

Xii

DISPOSAL OF CHEMICAL WASTE
General Refqrence: Prudent Practices in the Laboratory, National Academy
Press, Washington, D.C. 1995.
Effluents from synthetic organic chemistry fall into the following categories:
1. Gases
1a.  Gaseous materials either used or generated in an crganic reaction.

1b.  Solvent vapors generated in reactions swept with an inert gas and during
solvent stripping operations.

1¢.  Vapors from volatile reagents, intermediates and products.
2. Liquids
2a. Waste solvents and solvent soiutions of organic solids (see item 3b).

2b.  Aqueous layers from reaction work-up containing volatile organic
solvents.

2c.  Aqueous waste containing non-volatile organic materials.

2d. Aqueous waste containing inorganic materials.

3. Solids

3a. Metal salts and other inorganic materials.

3b.  Organic residues (tars) and other unwanted organic materials.

3c.  Used silica gel, charcoal, filter aids, spent catafysts and the like.

Thg operation of industrial scale synthetic organic chemistry in an
environmentally acceptable manner* requires that all these effluent categories
be dealt with properly. In small scale operations in a research or academic

setting, provision should be made for dealing with the more environmentally
offensive categories.

An environmentally acceptable manner may be defined as being both in comptiance with all
relevant state and federal environmental regulations and in accord with the common sense and
good judgement of an environmentally aware professional.
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1a. Gaseous materials that are toxic or noxious, e.g., halogens, hydro_gen
halides, hydrogen sulfide, ammonia, hydrogen cyanide, phosphine,
nitrogen oxides, metal carbonyls, and the like.

1c.  Vapors from noxious volatile organic compounds‘. e.g., mercaptans,
sulfides, volatile amines, acrolein, acrylates, and the like.

2a. All waste solvents and solvent solutions of organic waste.
2c. , Aqueous waste containing dissolved organic material known to be toxic.

2d. Aqueous waste containing dissolved inorganic material known to be
toxic, particularly compounds of metals such as arsenic, beryllium,
chromium, lead, manganese, mercury, nickel, and s_elenlum.

3. All types of solid chemical waste.

Statutory procedures for waste and effluent management take precedence over
any other methods. However, for operations in which compllance_mth statutory
regulations is exempt or inapplicable because of scale or other circumstances,
the following suggestions may be helpful.

Gases:

Noxious gases and vapors from volatile compounds are best dealt with at the
point of generation by "scrubbing” the effluent gas.: The gas being swept trom a
reaction set-up is led through tubing to a (largel) trap to prevent suqk-bacl; and
on into a sintered glass gas dispersion tube immersed in the scrubbing fluid. ‘A
pleach comainer can be conveniently used as a vessel for the scrubbing fluid.
The nature of the effluent determines which of four common fluids should be
used: dilute sulfuric acid, dilute alkali or sodium carbonate solution, laundry
bleach when an oxidizing scrubber is needed, and sodium thiosulfate solution
or diluted alkaline sodium borohydride when a reducing scrubber is needed.
Ice should be added if an exctherm is anticipated,

Larger scale operations may require the use of a pH meter or starch/iodide test
paper to ensure that the scrubbing capacity is not being exceeded.

When the operation is complete, the contents of the scrubber should be
handled as aqueous waste, as outlined in the ‘Liquids" section that follgws. In
many instances, this will require neutralization, foliowed by concentration to a
minimum volume, or conceniration to dryness before disposal as concentrated

liquid or solid chemical waste.
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Liquids:

Every laboratory should be equipped with a waste solvent container in which ail
waste organic solvents and solutions are collected. The contents of these
containers should be periodically transferred to properly labeled waste solvent
drums and arrangements made for contracted disposal in a regulated and
licensed incineration facility.**

Aqueous waste containing dissolved toxic organic material should be
decomposed in situ, when feasible, by adding acid, base, oxidant, or reductant.
Otherwise, the material should be concentrated to a minimum volume and
added to the contents of a waste solvent drum.

Aqueous waste containing dissolved toxic inorganic material should be
evaporated to dryness and the residue handled as a solid chemical waste.

Solids:

Soluble organic solid waste can usually be transferred into a waste solvent
drum, provided near-term incineration of the contents is assured.

Inorganic solid wastes, particularly those containing toxic metals and toxic metal
compounds, used Raney nicke!, manganese dioxide, etc. should be placed in
glass bottles or lined fiber drums, sealed, properly labeled, and arrangements
made for disposal in a secure landfill.** Used mercury is particularly pernicious
and small amounts should first be amalgamated with zinc or combined with
excess sulfur to solidify the material.

Other types of solid laboratory waste including used silica gel and charcoal
should also be packed, labeled, and sent for disposal in a secure landfill.

Special Note:
Since local ordinances may vary widely from one locale 1o another, one should

always check with appropriate authorities. Also, professional disposa! services
differ in their requirements for segregating and packaging waste.

"I_f arrangements for incineration of waste solvent and disposal of solid chemical waste by
licensed contract disposal services are not in place, a list of providers of such services should be
available from a state or local office of environmental protection.
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PREFACE

This volume of Organic Syniheses, the 78th volume in this series, provides 29
carefully checked and edited experimental procedures that describe important
synthetic methods, transformations, reagents, and synthetic building blocks or
intermediates with demonstrated utility in organic synthesis. There is no central theme
to this Volume. The procedures in this compilation fall into four general areas: (1)
reagents and methods for catalytic asymmetric synthesis; (2) organometallic chemistry,
ligands, and transformations of organometallic reagents; (3) synthetically useful
reagents and intermediates; and {(4) useful synthetic transformations.

This volu;me begins with two procedures in the area of catalytic asymmetric
synthesis. The first procedure describes the synthesis of (R)-2-
DIPHENYLPHOSPHINO-2'-METHOXY-1,1'-BINAPHTHYL (MOFP), a chiral
ligand that has proven very useful in palladium-catalyzed hydrosilylation of olefins and
paliadium-catalyzed reduction of allylic esters by formic acid. The next procedure
describes the catalytic asymmetric synthesis of nitroaldols using a chiral
LANTHANUM-LITHIUM-BINOL COMPLEX, illustrated by the synthesis of
{25,35)-2-NITRO-5-PHENYL-1,3-PENTANEDIOL.

In the area of organometaliic chemistry, we begin with a procedure for the
palladium-catalyzed amination of aryl halides and ary! triflates, illustrated by syntheses
of N-HEXYL-2-METHYL-4-METHOXYANILINE and N-METHYL-N-(4-
CHLOROPHENYL)-ANILINE. The next procedure describes the synthesis of
1,2,3,4-TETRAHYDROCARBAZOLE by the palladium-catalyzed annulation of
ketones with o-iodoaniline. Next, a procedure for the synthesis of 2,7-
DIMETHYLNAPHTHALENE via the nickel-catalyzed coupling of aryl O-carbamates
with Grrignard reagents is presented. The fourth procedure in this section describes

the synthesis of 5-METHYL-2,2'-BIPYRIDINE by a Negishi cross-coupling reaction
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of a 2-pyridyl zinc reagent. The preparation of 2-FLUORO-4-METHOXYANILINE
illustrates the Ullmann methoxylation reaction of a 2,5-dimethylpyrrole-blocked aniline.
The section on organometallic chemistry concludes with a procedure for the synthesis
of 1,4,7,10-TETRAAZACYCLODODECANE (cyclen), which has been used as a
ligand for MRI contrast agents.

The third section of this Volume presents procedures for the synthesis of useful
reagents and intermediates. First, an efficient synthesis of 4,4'-
BIS(CHLOROMETHYL)-2,2'-BIPYRIDINE is described. 2,2'-Bipyridine
derivatives have been used in supramolecular assembly, in bicinorganic contexts, in
polymeric materials and in studies of redox catalysis. This procedure is followed by
the preparation of N,N'-DI-BOC-N"-TRIFLYLGUANIDINE, which is a useful
reagent for the guanidinylation of amines in solution and in solid phase synthesis. A
synthesis of the powerful sulfenylating agent S-METHYL
METHANETHIOSULFONATE is described next, illustrating a general method for
the synthesis thiosulfonate thioesters via zinc reduction of sulfonyl halides.
(PHENYL)[2-(TRIMETHYLSILYL)PHENYL]IODONIUM TRIFLATE is offered
as an efficient and mild benzyne precursor, as demonstrated by the synthesis of 1,4-
EPOXY-1,4-DIHYDRONAPHTHALENE. The subsequent procedure describing
the synthesis of 4-HYDROXY[1-13C]BEN;OIC ACID, an important intermediate
for biosynthesis studies, is only the second procedure published in Organic Syntheses
in the area of isotopically labeled compounds. Two useful chiral building blocks are
desecribed in the procedure entitied (1'R)-(-)-2,4-O-ETHYLIDENE-D-
ERYTHROSE AND ETHYL (E)-(-)-4,6-O-ETHYLIDENE-(4S,5R,1'R)-4,5,6-
TRIHYDROXY-2-HEXENOATE, both of which have been used as starting
materials in a variety of contexts. The next procedure describes the preparation of
PENTA-1,2-DIEN-4-ONE (ACETYLALLENE), a valuable starting material for

synthesis of o,B-unsaturated y-lactones and as a dienophile in Diels-Alder reactions.

xviii

BICYCLOPROPYLIDENE possesses unique reactivity toward a wide range of
electrophiles and nucleophilic carbenes. (E)-1-DIMETHYLAMINO-3-tert-
BUTYLDIMETHYL-SILOXY-1,3-BUTADIENE is a highly reactive diene for Diels-
Alder reactions, as described in an accompanying procedure for the synthesis of 4-
HYDROXYMETHYL-2-CYCLOHEXEN-1-ONE via the Diels-Alder reaction with
methyl acrylate. Finally, this section concludes with the preparation of DIETHYL
[(PHENYLSULFONYL)METHYL]PHOSPHONATE, a reagent that is very useful
for synthesis of o, f-unsaturated phenyl sulfones.

The final set of procedures describe general methods for important synthetic
transformations. First, a synthesis of (-)-(E,$)-3-(BENZYLOXY)-1-BUTENYL
PHENYL SULFONE via the Horner-Wadsworth-Emmons olefination of (-)-(S)-2-
(BENZYLOXY)PROPANAL with diethyl [(phenylsulfony)methyl]phosphonate is
described. In the accompanying procedure, (-)-(E,S)-3-(benzyloxy)-1-butenyl phenyl
sulfone is converted into ((+)-(1R,2S,3R)-TETRACARBONYL[(1-37n)-1-
(PHENYLSULFONYL)-BUT-2-EN-1-YL]IRON(1+) TETRAFLUOROBORATE,
a chiral cationic m-allyl iron(tetracarbonyl) complex that undergoes substitution
reactions with a wide range of nucleophilic reagents. The synthesis of tert-BUTYL
3a-METHYL-5-0X0-2,3,3a,4,5,6-HEXAHYDROINDOLE-1-CARBOXYLATE
illustrates a general procedure for Diels-Alder reactions of 2-amido-substituted furans,
while the preparation of 11-OXATRICYCLO[4.3.1.12.5]JUNDEC-3-EN-10-ONE
demonstrates the [4+3] cycloaddition of aminoallyl cations with 1,3-dienes. The
synthesis of amino acid ester isocyanates is illustrated by the preparation of METHYL
(S)-2-ISOCYANATO-3-PHENYLPROPANOATE. In the area of oxidation
reactions, the procedure for the synthesis of trans-2-METHYL-2,3-
DIPHENYLOXIRANE illustrates the use of a dioxirane reagent generated in situ
from TETRAHYDROTHIOPYRAN-4-ONE AND OXONE. The next procedure

describes modified conditions for the Hoffmann rearrangement, as illustrated by the
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synthesis of METHYL N-(p-METHOXYPHENYL)CARBAMATE. Use of
TRIBUTYLSTANNANE (BusSnH) for Barton-McCombie radical deoxygenation of
alcohols is detailed in the synthesis of 3-DEOXY-1,2:5,6-BI$-0-(1-
METHYLETHYLIDENE)-ca-D-RIBO-HEXOFURANOSE, in which the tin hydride
reagent is generated catalytically from bis(tributyltinjoxide and
poly(methylhydrosiloxane) (PMHS). The synthesis of 2-(3-
OXOBUTYL)CYCLOPENTANONE-2-CARBOXYLIC ACID ETHYL ESTER
describes a mild, FeCly catalyzed Michael reaction of cyclopentanone-2-carboxylic
acid ethy! ester and methyl vinyl ketone. Finally, a procedure for synthesis of 1-OXO-
2-CYCLOHEXENYL-2-CARBONITRILE is presented, illustrating a mild method
for synthesis of electron-deficient alkenes which are valuable reactants for
cycloaddition and conjugate addition reactions.

Many individuals have contributed to this Volume of Organic Syntheses, and |
would like to 1ake this opportunity to thank them. Most importantly, a debt of gralitude
is owed the authors who submitied the procedures that are published here. Their
dedication and commitment to excellence in research is reflected in the important
procedures that comprise this Volume. Thanks are also due to the members of the
Editorial Board, and especially their students and postdoctoral associates for their
tireless efforts in checking, and in some cages improving these precedures, thereby
verifying that they are reproducible as written. Finally, | would like to thank Professor
Jeremiah P. Freeman, Secretary o the Board, and Dr. Theodora W. Greens, the
Assistant Editor of Organic Syntheses. It has been a privilege to work with Jerry, Theaq,
and all members of the Board. Without the substantial efforts of these colleagues, it
would not have been possible for Volume 78 to be completed in a timely manner.

Ann Arbor, Michigan William R. Roush
November, 2000

NORMAN RABJOHN

May 1, 1915 - September 2, 2000

Norman Rabjohn was an organic chemist of great insight and ability, a highly
respected teacher, and a wonderfully reliable friend. At the time of his death in
Columbia, Missouri, at the age of 85, he had held the title of Professor Emeritus of
Chemistry of the University of Missouri for 17 years. His major contributions to Organic
Syntheses were in his roles as Secretary during the period 1949-1959, as Treasurer
from 1976 to 1980, and as Editor of Collective Volume 1V (1963) of this series.

Norman was born in Rochester, New York, attended public schools there and
also the University of Rochester, from which he received his B.S. degree in Chemistry
in 1937, Magna cum Laude, and was elected to Phi Beta Kappa and Sigma Xi. During
the following year, he worked at Eastman Kodak Company. It will be remembered thét
Eastman was the main commercial source of laboratory organic chemicals in the first
half of the 20th century. The skill that Norm developed in organic synthesis was put to

good use during the time that he spent at the University of lllinois, where he earnad his
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M.S. and Ph.D. degrees (1939 and 1942, respectively). With his mentor, Professor R.
C. Fuson, he published seven papers plus one preparative submission to Organic
Syntheses, all of which described deri\(atives of mesitylene, including the first of the
stable enols. These stable enols or vinyl alcohols, as lhéy are called alternatively, are
still of structural, theoretical, and experimental interest. Norm remained at lllinois for
two years as an Instructor in Organic Chemistry and a participant in the Rubber
Reserve Program of the War Production Board under the direction of Professor C. S.
Marvel. He impressed me, when we were together at lllinois, as a builder of
apparatus, e.g., for his study of the vapor-phase chiorination of aliphatic ketones, while
his contributions to the Rubber Program included emulsion polymerization at high
temperature and structure determination of butadiene polymers by ozonolysis.

During the years 1944-1948, Norm continued research in polymer chemistry at
the Goodyear Tire and Rubber Company, where he ccauthored three patents with
Paul J. Flory on the vulcanization and curing of rubber at low temperature, along with
four papers on the dependence of elastic properties and tensile strength of vulcanized
rubber on the degree of cross-linking. Dr. Flory was later to receive the Nobel Prize in
Chemistry following academic appointments at Cornell and Stanford Universities.
Norman Rabjohn left Goodyear in 1948 to become Associate Professor of Chemistry at
the University of Missouri and was advanced So Professor four years later. He
maintained a long, distinguished and balanced career in research, teaching, and
service at Missouri.

His academic research was focused to provide training for the 50 Ph.D.
students who benefitted from his tutelage. Work on the synthesis and reactions of
azodicarboxylic esters that had been started at Goodyear was continued, B-
dialkylaminoethyl esters of stericaily hindered alkyl-substituted benzoeic acids were
made that had longer local anaesthetic action than Procaine, and azo-nitrogen

analogs of unsaturated acids and their derivatives were studied for potential
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antineoplastic activity. There was general interest in synthesis, product distribution in
reactions, and occurrence or non-occurrence of rearrangements. Particular emphasis
was blaced on the synthesis and physical and chemical properties of highly
substituted compounds, including dissymmetric tetrasubstituted methanes and
compounds containing ‘adjacent quaternary carbons. Compounds within these
categories undergo reactions and rearrangements that depend upon the bulk and
conformations of the groups involved. In the fina! instance, Kolbe electrolysis was
used in an imaginative way to effect coupling of the bulky acid and ketoacid
precursors. In addition, a timely study provided the 13C NMR spectra of all of the
highly branched acyclic compounds that had resulted from earlier syntheses. Norm
wrote a definitive qhapler on selenium dioxide oxidation for Organic Reactions early in
his career and thén capped this off more than two decades later with another chapter
on the same subject in the same series, bringing us complete information on the
reagent and its effective usage.

At one time or another, Norman taught all of the courses offered in organic
chemistry at the University of Missouri. He had the gift of making the subject matter
interesting, with emphasis on practical applications. He served two terms as
depariment chair and two terms on the faculty council, and he was a key member of
many university committees. Missouri honored him for his many contributions with the
Faculty-Alumni Award in 1976. His colleagues, family, and former students
established a professorship in his name at the University of Missouri, Columbia, in
1994. The first Rabjohn Distinguished Professor of Organic Chemistry, Michael
Harmata, was appointed in 1999.

Norm was a veteran member of the American Chemical Society and a very
active one. A most significant service to that organization was his term as chair of the
national publications committee. He was involved in many of the planning sessions

when Chemical Absiracts was making the transition to computer-searchable data
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bases. He took a turn as a member of the editorial board of Chemical Reviews and
maintained membership in the American Association for the Advancement of Science,
Phi Lambda Upsilon, Alpha Chi Sigma, the Missouri Academy of Science, and the MU
Jefferson Club.

Norm is survived by his wife of nearly 57 years, Dora Rabjohn of Columbia, and
by his son, James Rabjohn, of Aptos, California. He is remembered fondly by all his

colleagues, past and present, on the Board of Organic Syntheses, Inc.

November 7, 2000 Nelson J. Leonard
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