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Fixation of Atmospheric Nitrogen:
Synthesis of Heterocycles with Atmospheric
Nitrogen as the Nitrogen Source**
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Since nitrogen fixation was first described by Vol’pin, Shur,
et al.l'™ <l and van Tamelen et al.l'¢ ¢l in the early 1960s there
have been reports of molecular nitrogen fixation by various
transition metals.l'l Tt is well known that nitrogenase catalyzes
the reduction of atmospheric nitrogen to NHj, fixation of
atmospheric nitrogen in the laboratory remains quite chal-
lenging.l'¢ ¢l Here we report the first example of the fixation
of atmospheric nitrogen by TiX,-Li-TMSCI® and the syn-
thesis of heterocycles with atmospheric nitrogen as the
nitrogen source (TMS = trimethylsilyl).

To examine whether atmospheric nitrogen can be fixed in
titanium —nitrogen complexes of the type 1,2 we first
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attempted to prepare PhCONH, as a product of nitrogen
fixation with benzoyl chloride. A solution of TiCl, (1.0 equiv)
and TMSCI (10.0 equiv) in THF was stirred in the
presence of Li (10.0 equiv, porous) under dry air at

TiX,-Li-TMSCI system.?) To a solution of cyclohexadione
derivative 2a and CsF in THF was added a solution of 1 in
THF prepared under dry air from TiCl,, Li, and TMSCI. The
resulting mixture was heated at reflux overnight. After the
usual workup indole derivative 3a was obtained in 56 % yield
(Table 2, entry 1). When molecular nitrogen was used instead
of air, 3a was obtained in 86 % yield.?® Similar treatment of
diketone 2b led to pyrrole derivative 3b in moderate yield
(entry 2). Michael addition of 1 to 2¢ followed by condensa-
tion with the associated keto group proceeded smoothly at
room temperature to give the tetrahydroindole derivative 3¢
in good yield (entry 3). Lactams 3dP! and 3e were obtained in
a similar manner from the activated esters 2d and 2e
(entries 4 and 5), respectively, which also contain keto groups
and were prepared from the corresponding carboxylic acids
by treatment with CIPO(OEt),. Interestingly, use of dry air as
the nitrogen source gave nearly the same results as with
molecular nitrogen.

We next investigated whether TiCl, could act as a catalyst.?
To a solution of 1—prepared under dry air from TiCl,
(1 equiv), TMSCI (50 equiv), and Li (50 equiv)—in THF
was added a solution of 2a (10 equiv) and CsF (25 equiv) in
THF. The mixture was heated at reflux for 24 h. After
hydrolysis of the crude product indole derivative 3a was
isolated in 220% yield based on TiCl,.! This means that
nitrogen can be fixed catalytically from dry air in the form of
N(TMS);, which acts as a ligand for titanium.

Table 2. Synthesis of heterocycles with fixed nitrogen.[?!

room temperature for 24 h. The solution turned black Entry Substrate Product TiX, Yield[%] ™
with a green tinge. After hydrolysis the solution was (N, Source)
made basic with K,COj;. To this was added a solution 1 TiCl, 86 (N,)
of PhCOCI in benzene, and the mixture was stirred TiCl, 56 (air)
overnight. After the usual workup, we were pleased to Ko ©
identify PhCONH, in 88% yield. Various titanium
complexes such as [Cp,TiCl,] and Ti(OiPr), were
applicable to this reaction, and TiCl, also gave good
results (Table 1). 2 WOM TiCl, 51 (Nz)
This means that atmospheric nitrogen can be fixed Ticl, 37 (ain)
in the form of titanium-nitrogen complexes 1. We H 3b
next tried to synthesize N-heterocycles with dry air or o
molecular nitrogen as the nitrogen source using a 3 CE\ W TiCl, 90 (N,)
. _ o  CoOMe N OMe Ti(OiPr), 82 (N,)
Table 1. Yields[%] of benzamide.[?) H Ti(OiPr), 72 (airl)
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T ) . . . 2d ad M
[*] Prof. Dr. M. Mori, K. Hori, M. Akashi, M. Hori, Y. Sato,
1l:/z[a.clliitShj)(iaPharmaceutical Sciences 5 E EO SE Ti(OiPr), 51 (Ny)
Hokkzi]ido University )J\MOPO(OEI)Z ) Ti(OiPr), 50 (air)

Sapporo 060 (Japan)
Fax: (+81)11-721-6045
E-mail: mori@pharm.hokudai.ac.jp

o}

E=COOBu 3¢ H

We thank the Hokkaido Foundation for the Promotion of
Scientific and Industrial Technology for their support of this
work. Supporting information for this contribution is avail-
able on the www under www/wiley-vch.de/home/ange-
wandte.

]

636 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

[a] Complex 1 was prepared from TiX, (1.25 equiv), Li (12.5 equiv), and TMSCI
(12.5 equiv) in THF under pure nitrogen or dry air at room temperature over 24 h.
The reaction with 1 was conducted in the presence of CsF (5 equiv) in THF under
reflux (24 h). [b] The yields are based on the substrate. [c] The reaction was carried
out at room temperature (24 h).
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We then attempted to prepare the key intermediate in the
synthesis of (& )-lycopodinel® with dry air as the nitrogen
source (Scheme 1). The total synthesis of ( + )-lycopodine was
achieved by Stork and co-workers® starting with the tetra-
cycle 4, which was obtained from lactam 5. It was our intent to
generate 5 from carboxylic acid 6 with dry air as the nitrogen
source.

COOH

“CH,Ar

Scheme 1. Retrosynthesis of lycopodine.

Ketalization of 7, which was easily prepared from 5-methyl-
2-cyclohexenone,[” followed by hydroboration and subse-
quent treatment with H,O, in aqueous NaOH led to
compound 8, which was transformed into carboxylic acid 6
by oxidation and removal of the protecting group (Scheme 2).

7 o_ O
4
a, b c—e
e Y
“CH,Ar “CHAr
7 8
CHzAr CH,Ar
Ti(OPr), O
“CHoAr Li, TMSCI H 1
X=OPO(OE!), 40% %
=0
HaPO
5 =4 —=, (#)-lycopodine OMe
HCOOH
54%

Scheme 2. Synthesis of the lycopodine precursors 4 and 5. a) TMSOCH,.
CH,0OTMS, TMSOTf, 88%; b) (Sia),BH, then H,0,, NaOH, 98%;
¢) PCC; d) TsOH, acetone/H,0; e) NaClO,, KH,PO,, 2-methyl-2-butene,
67 % based on 8. Tf = Trifluoromethanesulfonate, Sia = 1,2-dimethylprop-
yl, PCC = pyridinium chlorochromate, Ts = 4-toluenesulfonyl.

A solution of 9, derived from 6 and CIPO(OEt),, in THF
together with 1—prepared from Ti(OiPr),, Li, and TMSCI
under dry air—was heated at reflux for 36 h; lactam 5 was
then isolated in 40% yield along with a mixture of the
stereoisomeric compounds 10¥! in 7% yield. The melting
point of 5 was in complete agreement with that reported in the
literature. ® Conversion of 5 into 4 proceeded smoothly
according to the procedure of Stork et al.

Thus, a formal total synthesis of ( + )-lycopodine has been
achieved with the aid of complexes of type 1 prepared from
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dry air; fixation of atmospheric nitrogen for the synthesis of
heterocyclic compounds is clearly feasible. Notable character-
istics of this procedure are the following: 1) the reaction is
simple (a THF solution of TiCl, or Ti(OiPr), and TMSCI in
the presence of Li need only be stirred under dry air at room
temperature), 2) TiCl, acts as a catalyst, and 3) nitrogen fixed
from dry air can be introduced directly into organic com-
pounds to produce useful heterocyclic compounds.
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