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Aza-Wittig reaction ofN-vinylic phosphazenes (1,2 addition), derived from diphenylmethylphosphine or
derived from trimethylphosphine wittr,3-unsaturated aldehydes, leads to the formation of 3-azatrienes
through a [2+ 2]-cycloaddition-cycloreversion sequence. The presence of an alkyl substituent in position

3 of N-vinylic phosphazenes increases the steric interactions, arndZfperiselectivity (1,4 addition)
is observed. Reaction of azatrienes witff-unsaturated aldehydes yields pyridines.

Introduction

N-Vinylic phosphazenéshave proved to be useful building
blocks not only for the synthesis of functionalized imine
compounds such as electronically neutral, 3-fluoroalkyl-2-
azadiene$,as well as electron-poor 2-azadienes derived from
aminophosphorus derivativésy-> or f-amino acids, but also
as key intermediates in the preparation of glycosiaes! cyclic
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compound$ 6811 as well as in the construction of the
framework of pharmacologically active alkaloitlsMoreover,
N-vinylic phosphazené%are ambident nucleophilic reagents,
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Reaction of N-Vinylic Phosphazenes witjf-Unsaturated Aldehydes

SCHEME 1. [4+ 2] and [2 + 2] Pathways for the Reaction
of N-Vinylic Phosphazenes | anda,f-Unsaturated Aldehydes
I

1 RB
R'R! R’
i) 4’ RG ‘P’O>)IR5
| 3 route1 '2\N
33 x4t Z RS
R 4 (|) 2+2] R3 N
R* 17 1212 4
R
| INT,,
route 2 | 14172 -OPR12R2
[4+2] .
R
R1\$1 R? R? Z
P
N| (6] N7
RSWRB R? )ﬁ
R RS R
INT,, v
J OPR',R? J
RG
R5
N R® N| A
&3 L RN RS
R4
R4
VI n

JOC Article

o}
R'2R?Psy (R RGP )\[R"’
R3 S RS Rs)\
R4
IV (1,414 Vil (1,2-1 4

FIGURE 1. Potential intermediates for the reaction Nfvinylic
phosphazeneks and a,3-unsaturated aldehydék.

which after electrocyclization and aromatization afford pyridines
[Il 21 On the other hand, isomeric pyridindé4 have been
reported when similaN-vinylic phosphazenek reacted with
a,B-unsaturated aldehyd#s?1¢22The reaction mechanism has
been described as a formal {4 2] cyclization involving an
initial nucleophilic attack of the/-carbon atom (1,4 addition)
of the phosphazene (route 2, Scheme 1) onto the carbonyl group
of the aldehyde (12 addition) and subsequent loss of phosphine
oxide and electrocyclization. An alternative pathway involving
(1,2—-1',4 addition) through intermediatéll (Figure 1) could
also explain the formation of pyridinésl .

Within this context, the influence of phosphorus atom
substituents iMN-vinylic phosphazenelscan play an important
role in the reactivity pattern observed with carbonyl compounds.
In phosphazenes, the electron-donating alkyl groups should
increase the nucleophilicity of imino nitrogen, and therefore,
aza-Wittig reactiof@ predominates over Michael reactiéh.
Reactivity also depends on the nature of substituents on the
vinylic chain of phosphazenes. The ambident behavior observed

since the presence of an adjacent double bond in conjugationfor N-vinylic phosphazenes agains{3-unsaturated aldehydes
with the phosphazene moiety introduces a new site of reactivity prompted us to establish which one of the possible mechanisms

toward electrophiles: either reaction at the nitrogen (1,2
addition) of the phosphazeHer reactions at the-carbon atom
(1,4 addition).-9a15.16

In addition,o,3-unsaturated aldehydésl have two reactive
electrophilic centers: the carbonyl group (fér2Laddition) or
the5-carbon atom (for '14' addition), and therefore, the reaction
of conjugated phosphazenéswith these substrates can be
explained through different reaction pathways, as shown in
Scheme 1 and Figure 1. Formation of pyridins by an
enamine alkylation of phosphazehento thes-carbon of the
aldehydell (conjugative 1,41',4 addition) by means of
intermediatdV (Figure 1) has been reported previoushy:1°
Formation of these pyridinel$l can be also described (route
1, Scheme 1) by initial [2+ 2]-cycloadditior-cycloreversion
aza-Wittig reactiof? of N-vinylic phosphazenes(1,2 addition)
with the carbonyl group of,f-unsaturated aldehydds (1',2'
addition) to give the nonisolable azatriene intermediates

(13) Reactive centers of phosphazehdgsee Scheme 1) are numbered
1, 2, 3, and 4, and reactive centers of aldehyitlese numbered'12, 3,
and 4.

(14) For reviews, see: (a) Palacios, F.; Aparicio, D.; Alonso, C.; Rubiales,
G.; de los Santos, J. MCurr. Org. Chem.2006 10, 000. (b) Wamhoff,
H.; Richardt, G.; Stoelben, S\dv. Heterocycl. Chem1995 64, 159. (c)
Barluenga, J.; Palacios, Brg. Prep. Proc. Int1991 23, 1.

(15) (a) Palacios, F.; Alonso, C.; Rubiales, G.; Ezpeleta, JTé&trahe-
dron 2004 60, 2469. (b) Palacios, F.; Aparicio, D.; de los Santos, J. M.
Tetrahedron1996 52, 4857.

(16) Molina, P.; Aller, E.; Lpez-Laaro, A.; Alajarin, M.; Lorenzo, A.
Tetrahedron Lett1994 35, 3817.

(17) Nitta, M.; lino, Y.J. Chem. Soc., Perkin Trans.1D9Q 435.
(18) Nitta, M.; Ohnuma, M.; lino, YJ. Chem. Soc., Perkin Trans. 1
1991, 1115.

(19) Oikawa, T.; Kanomata, N.; Tada, M.Org. Chem1993 58, 2046.
(20) Cos#, F. P.; Alonso, C.; Lecea, B.; Ayerbe, M.; Rubiales, G.;
Palacios, FJ. Org. Chem200§ 71, 2839.

(Scheme 1, routes 1 or 2) is involved in each process and
whether the reaction of these phosphazeheterived from
diphenylmethylphosphine or trimethylphosphine gives the re-
gioselective aza-Wittig reaction ([2+ 2] cycloaddition-
cycloreversion) and allows the isolation of the corresponding
3-azatriene derivativ&/ (route 1, Scheme 1). Therefore, we
report here the combined theoretical and experimental study of
the reaction oN-vinylic phosphazenelsderived froms-amino
acids (R = H, R* = CO,Et) with a,-unsaturated aldehydes,
as well as whether theoretical calculations of charge distribution
in conjugated phosphazenkesould support a [2- 2] cycload-
dition—cycloreversion sequence involving a charge (frontier
orbital)-controlled attack (1,2 addition) to the carbonyl group
of unsaturated aldehydes (@ addition). Moreover, we report
that 3-azatrienes can be used as key intermediates in the
synthesis of pyridine compounds derived frgramino acids.

Results and Discussion

Aza-Wittig Reaction of Phosphazenes 6 Derived from
Diphenylmethylphosphine or Trimethylphosphine with a.,5-
Unsaturated Aldehydes 2 ([2+ 2] Cyclization—Cyclorever-
sion versus [4+ 2] Cyclization Processes)A previous report
described the reaction &f-vinylic phosphazené (Scheme 2)
derived from triphenylphosphine with acrole2a (Ré = H) or
cinnamaldehyde&b (R® = Ar), in o-xylene at 160°C, in the
presence of palladium on charcoal and in a sealed tube, giving

(21) (a) Bonini, C.; D'Auria, M.; Funicello, M.; Romaniello, G.
Tetrahedron2002 58, 3507. (b) Rossi, E.; Abbiati, G.; Pini, BSynlett
1999 1265. (c) Molina, P.; Pastor, A.; Vilaplana, M. Tetrahedron1995
51, 1265.

(22) Molina, P.; Pastor, A.; Vilaplana, M. J. Org. Chem.1996 61,
8094.
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SCHEME 2. Reaction ofN-Vinylic Phosphazene 1 Derived
from Triphenylphosphine with Acrolein 2a and
Cinnamaldehyde 2b
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pyridine 3 (Ré = H) in the first case and a mixture of pyridine
3 (R® = Ar) and 4-(2-arylethenyl)-3,5-diethoxycarbonyldihy-
dropyridine4 in moderate yields when cinnamaldehyzie(R®

= Ar) was used (Scheme 2J.

The authors suggested that the formation of these heterocycles

3, 4 could be explained by a formal [# 2]-cyclization process
involving an initial addition of thef-carbon atom of the
N-vinylic phosphazené (1,4 addition) to the carbonyl carbon
atom of thea,S-unsaturated aldehyd@41',2' addition) to give
1,2,5-oxaazaphosphorane cycloaddbiét Intramolecular cy-
clization of this intermediate with concomitant elimination of
triphenylphosphine oxide and aromatization gave pyridiBies
while regioselective attack of a second molecule of the phos-
phazenel to 1,2,5-oxaazaphosphorafeafforded dihydropyr-
idine 4 (Scheme 2).

However, these findings are in contrast with our results
reported here (vide infra). We found that the reaction of
N-vinylic phosphazenéa (R! = Ph, R = H, R = Et) derived
from diphenylmethylphosphine with acrolefa (R> = R¢ =
H), cinnamaldehyd@b (R®> = H, R® = Ph), methacroleir2c
(R®> = Me, R = H), or crotonaldehydé@d (R®> = H, Ré = Me)
in chloroform at 60°C gave pyridine§a—d (Scheme 3, Table
1). Isomeric pyridines8 were not obtained. Pyriding (R® =
Ph, R = H, R® = Me) was prepared by reaction of ethyl
2-amino-2-phenylprop-2-enoagwith crotonaldehyded (R>
= H, R5 = Me) in toluene at 110C in a manner similar to that
reported for enaminophosphonatesr enaminonitrileg® The
values of the coupling constant (ca. 8.5 Hz) of the vicinal H-3
and H-4 hydrogens in these compouMd&R® = H) are higher
than expected (ca. 5 Hz) for the H-2 and H-3 hydrogens in
isomeric pyridines8 (R®> = H) and are consistent with the
literature??

Formation of pyridinesa—d could be explained, either by
a [4 + 2] cyclization—cycloreversion process involving a 1,4
addition of the phosphazene to the carbonyl group2(1
addition) of the unsaturated aldehyde (11,2 addition,
Scheme 1, route 2) and formation of oxaazaphosphotbifes,

(23) This intermediate is also designed asH2]-intermediate ofNT ,,
(vide infra, computational studies).

(24) Palacios, F.; Ochoa de Retana, A.; Oyarzabdlettahedron Lett.
1996 37, 4577.

(25) Robinson, J. M.; Brent, L. W.; Chau, Ch.; Floyd, K. A.; Gillham,
S. L.; McMahan, T. L.; Magda, D. J.; Motycka, T. J.; Pack, M. J.; Roberts,
A. L.; Seally, L. A.; Simpson, S. L.; Smith, R. R.; Zalesny, K. N.Org.
Chem.1992 57, 7352.

6022 J. Org. Chem.Vol. 71, No. 16, 2006

Palacios et al.

SCHEME 3. Synthesis of Azatrienes 11 and Pyridines 7
from N-Vinylic Phosphazenes 6 Derived of Diphenylmethyl-
and Trimethylphosphine
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TABLE 1. Pyridines 7 Obtained by Reaction of Phosphazene 6a
with Unsaturated Aldehydes

reaction conditions

starting T time vyield®
entry aldehyde products R R R Ré (°C) (h) (%)
1 2a 7a H Et H H 60 38 28
2 2b 7b H Et H Ph 60 39 32
3 2c 7c H Et Me H 60 40 30
4 2d 7d H Et H Me 60 40 3%

a purified by chromatography.A very high proportion of phosphazene
6a gave hydrolysis products (4315%).

similar to the one reported in the reaction of phosphazene
with cinnamaldehydé&? (Scheme 2) or through a Michael
addition involving a 1,2 addition of the phosphazene to the
p-carbon atom (14' addition) of the unsaturated aldehyde
followed by intramolecular cyclization of intermediéit8 (1,2—
1',4' addition, Scheme 3), or in concordance with our previous
results?>8by a [2+ 2] process (aza-Wittig reaction) involving
a 1,2 addition of the phosphazene to the carbonyl groug' (1
addition) of the unsaturated aldehyde and formation of azatrienes
11 (1,2-1',2" addition, Scheme 3) followed by their reaction
with a second molecule of aldehy@e

Therefore, we tried to test if azatrieneswere intermediates
in the reaction, and to confirm the mechanism, if they could be
isolated by the reaction of conjugated phosphazenes with
unsaturated carbonyl compounds, in a similar way to that
observed in the case of simple aldehyde$,as well as to
explore if the reaction of these azatrienes with aldehydes led to
the formation of pyridines. The reaction oiN-vinylic phos-
phazene$a (R! = Ph) derived from ethyB-azidoacrylate (R
= H, R = Et) with unsaturated aldehydea—d at room
temperature, gave the [2 2] aza-Wittig products (1,;21',2'
addition) 11a—d in good yields (Scheme 3, Table 2, entries
1-4). However, these azatriengé$a—d were unstable during
distillation and/or chromatography and were used without
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TABLE 2. Azatrienes 11 Obtained
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reaction conditions

starting
entry phosphazene aldehyde products 3 R R R° R6 T(°C) time (h) yield (%)
1 6a/6b 2a 1la H Et H H rt 1/0.5 70/95
2 6a/6b 2b 11b H Et H Ph rt 7 75/98
3 6a/6b 2¢c 11c H Et Me H rt 30/4 60/92
4 6a/6b 2d 11d H Et H Me rt 24/5 65/90
5 6¢c 2d 11le Ph Et H Me 60 60 75
6 6c/6d 2b 11f Ph Et H Ph 60/rt 16/24 80/90
7 6¢c 2¢c 11 Ph Et Me H 60 56 80
8 6¢ 2a 11% Ph Et H H rt 8 65
9 6e 2d 11i COMe Me H Me 70 98 70
aYield calculated by*H NMR.
purification® The use of conjugated phosphazefbsierived SCHEME 4.  Synthesis of Pyridines 7 and "7from
from trimethylphosphine (R= Me, R = H, R = Et) was more Azatrienes 11
favorable because the formation of azatriehks—d took place R® R® RS
in shorter periods of time and the elimination of trimethylphos- st/ RAW~ NN R®
phine oxide from the reaction mixture was easier (Table 2, _ |
entries +-4). The scope of this aza-Wittig reaction was not N Lz, R Y
limited to the phosphazenes derived from ejprdzidoacrylate. Rs)\ CO4Et
N-Vinylic phosphazenes substituted with electron-withdrawing CO,Et 7
groups on the 3 position such as 3-phe8d{R! = Ph, R = 1 /Me
Ph) and6d (R! = Me, R = Ph) and 3-methoxycarbonyl- 8 //_/7
substituted phosphazenée (R! = Ph, B = CO,Me) also , R O 2d + J—Ph
X . ; X R\~
reacted with aldehydes leading to the formation of azatrienes j) //—/_
11le-i (Table 2, entries 59, Scheme 3). Then, the synthetic o7 2 O 2b
utility of azatrienesl1 was studied.
Heating of azatriend1b, generated “in situ” by reaction of R® , Ph Me
N-vinylic phosphazene8a derived from diphenylmethylphos- NX R N N
phine or6b derived from trimethylphosphine with excess of s | L N _
cinnamaldehydeb, in chloroform at 60°C yielded 60% of R
pyridine 7b (Scheme 3), while isomeric pyriding (RS = H, COoEt COEt  COE
R% = Ph, Scheme 3), whose formation could be expected by 7 b'de b 7a
electrocyclization of 3-azatrienklb, was not observed, even R 5
when this azatriene was heated at 220 These results seem K[R R®
to infer that the electrocyclization of 3-azatriefles more N
difficult than in the case of the isomeric 2-azatriefe% N g[
Formation of pyridine¥ (Scheme 3) seems to indicate that R NS0
a second molecule of aldehyde is involved in the process. For CO,Et
this reason, we explored if the reaction of azatrieh&svith
unsaturated aldehyd@swvould lead to the formation of pyridines 12

7. Thus, azatrieneslla—g generated “in situ” from the
correspondingN-vinylic phosphazene$ and acrolein 23,
cinnamaldehyde2b, methacrolein2c, or crotonaldehyde?d
reacted with a second molecule of the same aldetB/de
chloroform at 60°C or toluene at 90C to give pyridinesa—g
(Scheme 4, Table 3, entries-T). However, when azatriene
11b (R® = R®> = H, R® = Ph), generated “in situ” with
cinnamaldehyd@b, was treated subsequently with two different
aldehydes, namely a second molecule of the same aldeétyde
used in its formation and crotonaldehy®eé, a mixture of two
pyridines 7b and 7'a was obtained (Table 3, entry 8). The
presence of the new pyriding in the process seems to show
that aldehyde2b (the same as for the preparation of the
precursor) is involved in the formation of pyridiréb, while
the new aldehyd@d patrticipates in the formation of pyridine

(26) The reaction was monitored BYP and'H NMR showing the
disappearance of phosphazéhand the formation of azatriendd.

(27) Palacios, F.; Gil, M. J.; Mdriez de Marigorta, E.; Rodjuez, M.
Tetrahedron200Q 56, 6319.

(28) Palacios, F.; Gil, M. J.; Mdriez de Marigorta, E.; Rodyuez, M.
Tetrahedron Lett1999 40, 2411.

7'a (Scheme 4). For this reason, we attempted to prepare
pyridines 7' only. Azatrienesllcd,f were prepared from
phosphazenegb and 6d and unsaturated aldehydés,d,b,
respectively. After elimination of the excess of aldehyde under
reduced pressure from the reaction mixture, a different aldehyde
2 was added4d, 2b, and 2a, respectively) to give pyridines
7'b-d respectively (Scheme 4, Table 3, entries14). From
these results, a formal aza-f3 3] cycloaddition reaction (see
12, Scheme 4) involving the azatriene and the unsaturated
aldehydes could explain the formation of pyridings in a
manner similar to that observed by enamines and unsaturated
carbonyl compound®.,

On the other hand, the presence of an electron-releasing group
in the phosphazer@(R® = Me) seems to change the reactivity
of these ambident nucleophiles toward unsaturated aldehydes.
The reaction ofN-vinylic phosphazenék (R = R! = R? = R3
= Me) with cinnamaldehyd@b (Scheme 5) was attempted at

(29) Gerasyuts, A. I.; Hsung, R. P.; Sydorenko, N.; Slafer]J.BOrg.
Chem.2005 70, 4248 and references therein.
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TABLE 3. Pyridines 7, 7 Obtained

Palacios et al.

reaction conditions

starting

entry azatriene aldehyde products SR RS R6 R’ R8 T(°C) time (h) yield (%)
1 1lla 2a 7a H H H 60 34 53
2 11b 2b 7b H H Ph 60 35 60
3 1llc 2c 7c H Me H 60 36 58
4 11d 2d 7d H H Me 60 37 60
5 1le 2d 7e Ph H Me 90 62 55
6 11f 2b 7f Ph H Ph 90 60 51
7 119 2c 79 Ph Me H 90 48 50

8 11b 2b+2d 7b+ 7'ab H H Ph H Me 60 50 10/30
9 1llc 2d TP H H Me 60 46 38
10 11d 2b 7c H H Ph 60 48 35
11 11f 2a 7d Ph H H 90 36 81

apurified by chromatography.Structures of pyridine3'a and7'b are the same as that of pyridife. ¢ Structure of pyridin€7'c is the same as that of

pyridine 7b.

SCHEME 5. Synthesis of Pyridines 7h and 13 from
Phosphazene 6k

/PMe3 Me;
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|
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room temperature using chloroform as solvent, but no reaction
took place. However, when the reaction was performed in
chloroform at 6C0°C, the expected azatriefiéj was not obtained
and a mixture of pyridingh (30%) and 4-(2-arylethenyl)-3,5-
dimethoxycarbonyl-2,6-dimethyl-1,4-dihydropyridinE3(25%)
was obtained (Scheme 5). Formation of these heterocytles
and 13 could be explained through a [ 2] cycloaddition-
cycloreversion process with an initial 1,4 addition of the
phosphazenék to the carbonyl carbon atom of cinnamaldehyde
2b (1,4-1',2" addition, Scheme 5) involving the 1,2,5-oxaaza-
phosphorane intermediafel (INT 47).

This behavior ([4+ 2] cyclization) of the reaction of
N-vinylic phosphazenék with cinnamaldehyd@b toward the
observed results ([2 2] cycloaddition-cycloreversion) by the
reaction of otheN-vinylic phosphazenesf—q with unsaturated

has been used in all cases. In a previous vibrke have found
that this theoretical level is adequate for this particular reaction.

For several selected concerted transformations, synchronicities
(Sy?* were quantified using a previously described ap-
proach3®36 According to this method, a value of Sy 1
indicates a perfectly synchronous reaction, in which bonds are
formed and cleaved at the same rate. SimiladiB,, values
denote the average degree of advancement of the corresponding
transition structures. ThuéB,, < 0.5 anddB,, > 0.5 indicate
early and late transition structures, respectively (see the Sup-
porting Information for additional details).

Donor—acceptor interactions were evaluated using the natural
bond orbital (NBO) method’

Nucleus-independent chemical shifts (NICS) as defined by
Schleye#® were computed at the ring points of electron del3ity
using the gauge invariant atomic orbf{GIAO) approach at
the GIAO-B3LYP/6-31G*//B3LYP/6-31G* level.

Energy densities at selected bond points of electron densi-
tyH(rp)** were computed to evaluate the nature of the chemical
bonds under study. According to this method, if a given

(30) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989.

(31) (a) Kohn, W.; Becke, A. D.; Parr, R. G. Phys. Chenl996 100,
12974. (b) Becke, A. DJ. Chem. Socl1993 98, 5648. (c) Becke, A. D.
Phys. Re. A 1988 38, 3098.

(32) (a) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JARA.
Initio Molecular Orbital Theory Wiley: New York, 1986; pp 76:87. (b)
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(33) Gaussian 98, Revision A.5: Frisch, M. J.; Trucks, G. W.; Schlegel,
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CHART 1 SCHEME 6. Possible [2+ 2] and [4 + 2] Mechanisms for
R! the Reaction between Phosphazenes-6f) and Aldehydes
\P/\RZ 2a,e to Yield either 5,6-Dihydro-1,3,24%-0xaaza-
N* R phosphinines INT,a—p or Imines 11k—p and Phosphine
RS)\(H Oxides 15a-€ via 1,3,245-Oxaazaphosphetidines INTa-p
R4 R1 1
R
61- -1
R R R’ (ERELE
~H AL
6 | H H H H R? H™ "R
R 2a: R®=CH=CH,
6g | H H H CHO 6-q o
6h |CH; CH; H H
[2+2] [4+2]
6i |CH; CH; H CHO TS1ap TSigap
6j |ICH; CH;, H CO,CH;
6k CH3 CH3 CH3 C02CH3 RI
1R? R\ R?
6l | Ph Ph H CO,CH; Ry N'P“O
RP?_O =& | RY
6m|Ph Ph CH; CO,CH; R N_I<H R3&8<H
6n [CH; Ph  H CO,CH; I R* H
o
60 |CH; Ph  CH; CO,CH, i INTza-p
6p |Ph CH; H COxCH; Ii20-p RO
6q | Ph CH; CH; CO,CH; N/,!\H R!
+ R'-P=0
TS2a-p RBJ%(H R?
interatomic interaction has a negative value Hfry), this R*
interaction is covalent in nature, and a positive valuéi(f,) 11k-p 15a-e
at the corresponding bond critical point indicates an ionic bond
(see the Supporting Information for additional details). CHART 2
Activation energiesAE,) and reaction energieAE,) were . f@ 1 $1R2
computed at the B3LYP/6-31G* level including zero-point RR;?_O R\/,(
vibrational energy (ZPVE) corrections, which were not scaled. R _N—\-R® "f % .
In a previous paper, we reported the tandem f22] I H stﬁ{kl'f
cycloaddition-cycloreversion sequence of the aza-Wittig reac- R* ™H R4 H

tion of simple phosphazenes and aldehydes<1,2' addition)

as well as the effects of substituents in both phosphazenes and IISITZZQEP = ﬁ:”“a'p O

aldehyde<? In this work, we extend our study to the reaction

between conjugated phosphazer&fs-q (Chart 1), which a | H H H H H

present two potential reactivity patterns (1,2- and 1,4 addition) b | H H H CHO H

and aldehyde2a,e (Scheme 6) in order to determine the most ¢ |cH; cH, H H H

favorable process (routes 1 or 2, Scheme 1, vide supra) to yield

either 5,6-dihydro-1,3,25-oxaazaphosphinindSI T s,a—p (Chart d |CH; CH; H CHO H

2) via [4 + 2] cycloadditions or imined1k—p (Chart 3) and e |CH; CH;, H CHO CH=CH,

phosphine oxidesl5a—e (Chart 4) via tandem [2+ 2]

cycloadditions-cycloreversions, through 1,3/2-oxaazaphos- f |CH; CH, H COCH;  H

phetidine intermediateNT »a—p (Scheme 6). g CHs; CHs H CO,CH; CH=CH,
As model reaction for this study on the periselectivity of the h |CH; CH; CH; CO,CH; H

aza-Wittig reaction, we chose the interaction between formal- .
dehyde2eand phosphazergf (H;P=N—CH=CHy,). The main !
features of the transition structures and reaction intermediates
located on the B3LYP/6-31G* potential energy surface are
reported in Figures 2 and 3.

CH; CH; CH3 CO,CH; CH=CH,
H CO,CH3 H
Ph Ph CH; CO,CH3 H
1 |[CH; Ph H CO,CH3 H

e
a”]
=
=0
=

(39) (&) Morao, I.; Lecea, B.; CossIF. P.J. Org. Chem.1997, 62, m |CH; Ph CH; CO,CH; H
7033. (b) Bader, R. F. WAtoms in MoleculesA Quantum Theory _
Clarendon Press: Oxford, 1990; pp-182. According to Bader, a critical n |CH; Ph CH; CO,CH; CH=CH,
point of the electron density is characterized by éso pair of valuesw o | Ph CH; H CO,CH; H
ando being the rank and the signature, respectively. The rank is the number
of non-zero curvatures of the electron density at the critical point and the p | Ph CH; CH; CO,CH; H

signature is the algebraic sum of the signs of these eigenvalues.
(40) Wolinski, K.; Hilton, J. F.; Pulay, Rl. Am. Chem. Sod.99Q 112

8251. ; ; ;
(41) (2) Bader, R. F. WAtoms in MoleculesA Quantum Theory According to our results, the first step of the simplest{2

Clarendon Press: Oxford, 1990; pp 27577. (b) Cremer, D.; Kraka, E. 2)_ reaction between formalt_jehyde anagPHN—CH=CH; _
Croat. Chim. Actal984 57, 1259. (Figure 3) was found to be quite synchronous (Table 4). In this
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CHART 3

R’ R* R’
11k | H H H

11| H CHO H = NICS=+0.66
1lm| H CHO CH=CH, TS1,0 INT

»
1in| H COCH; H AEnq=-204 .-
110 [CH; COCH; H +28 .
11p |CH; CO,CH; CH=CH, .

CHART 4 | AE = -22.1

Q \
]
R R? 11k 15a

NICS=-5.13
TS1,,a

RT R? -21.7

15a| H H

15b |CH; CH;
15¢| Ph  Ph

15d |CH; Ph
15e¢ | Ph CH3

case a (3t1) ring critical poin#® of electron density was located
for TSLsa (Figure 3), thus indicating that, according to the
Poincafe-Hopf relationshig!? there is a (371) bond critical
point? between the O and P atoms, with a bond order of 0.156.

In the corresponding 1,32*-oxaazaphosphetidine intermediate  FigURE 3. Transition structures and reaction intermediates for the
INT 222 this bond order is 0.495, and the negative value of the reactions depicted in Scheme 6. Fully optimized transition structures
energy density at this bond point indicates that theOPbond and intermediate (B3LYP/6-31G* level of theory) and the reaction
profile associated with théf + 2e — 11k + 15a reaction. Bond
H(r)=-0.09897 a.u. H(r)=-0.09623 a.u. distances are given in Ao (in deg, absolute value) denotes the@®-

: C—N dihedral angle. The relative energies (in kcal/mol) have been
computed at the B3LYP/6-31G*AZPVE level of theory. NICS (ppm/
mol, B3LYP-GIAO/6-31G*//B3LYP/6-31G* level) have been calcu-
lated at the corresponding ring points of electron density, denoted as
Rp. Nitrogen and oxygen atoms are represented in blue and red,
respectively. In transition structur@sS1y.a, TSl.a, andTS2:a, the
green lines denote the bonds being formed.

TABLE 4. Average Bond Index Variation? (dBa) and
Synchronicitiest (Sy) of Concerted Transformations Included in

Scheme 6
transformation 0Bay Sy
6f + 2e— INT 2a 0.382 0.83
INT 202 — 11k + 15a 0.572 0.89
6f + 2e— INT 42 0.372 0.89

INToa INT,a

a See the Supporting Information for additional details.
FIGURE 2. Electrostatic potentials of 1,3/2-oxaazaphosphetidines
INT 2a and 5,6-dihydro-1,3,2°-oxaazaphosphinindT 4.a projected
on the respective electron density surfaces (isocontour value: 0.002jg mainly covalent in nature (Figure 2). The next {2 2]

au). Energies range from12.3 kcal/mol (red) te-12.3 kcal/mol (blue). loreversion step was found t I ricvelic in
The Wiberg bond indices are reported on the corresponding bonds.Cyco eversion step was found to be also pseudopericyclic

The P-O bond indices are highlighted in red. The-® (3,—1) bond
critical points (Bp) are represented in blue. (42) Collard, K.; Hall, G. ClInt. J. Quantum Chenl977 12, 623.
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FIGURE 4. Main two-electron orbital interactions associated with the
[2 + 2] (red) and [4+ 2] (blue) interactions between phosphazéhe
and formaldehyd@e

o=\';',‘: (Cav)

nature?® and its activation energy was calculated to be higher
than that associated with the first {2 2] reaction (Figure 2).

JOC Article

in both cycloadditions the main stabilizing interactions take place
between occupied MOs of the phosphazene and unoccupied
MOs of the carbonyl compound, which acts as an electrophile.
The reverse interactions, namely those involving occupied MOs
of the carbonyl compound and virtual MOs of the phosphazene,
are of lower energy and similar for both the $42] and [2+
2] cycloadditions. In the former mechanism, the main interaction
requires the overlap between the HOMOG6fand the LUMO
of 2e, both MOs being ofr-symmetry and close in energy to
each other. In contrast, the [2 2] mode involves the
nucheophilic attack of the nitrogen atom of the phosphazene
on the carbon atom of the carbonyl compound. Since the energy
gap between the HOMGB{)—LUMO (2€) two-electron interac-
tion is lower than that between the [HOMO-1§fj—LUMO
(2¢) interaction, the [4+ 2] mechanism will be the preferred
one#3

If electrostatic interactions are considered, the only difference
for the two pathways is that, in the case of thet{2] channel,
the most important nucleophilic attack takes place in part
through the Coulombic interaction between the nitrogen atom
of the phosphazene and theybrydized carbon atom of the
carbonyl compound. In contrast, in the case of theH4]
reaction, the specific electrostatic interaction takes place between
the S-carbon of the phosphazene and the electroplijilgo-
carbon of the carbonyl compound. Our computed NBO charge
for the nitrogen atom o6f is —1.02, whereas that computed
for the CH, moiety of 6f is only —0.14, the charge of the BRH
group being+0.95. Therefore, the orbital preference for the [4
+ 2] reaction is in part canceled by the more favorable
electrostatic interactions involved in the {2 2] reaction. It
was therefore expected that electron-withdrawing groups located
at theS-position of the phosphazene would result in a different
periselectivity in favor of the [2+ 2] pathway. To test this
hypothesis, both [2 2] and [4+ 2] routes were explored for
phosphazene&f—q and aldehyde&a,e as specified in Charts
1-3. The corresponding activation energies are collected in
Table 5.

Our results show that inclusion of an electron-withdrawing
group such as formyl or methoxycarbonyl results in a significant

We have also located and characterized a transition structurereduction of the energy gap in favor of the{42] cycloadduct.

TS1a associated with a [4 2] cycloaddition between §P=
N—CH=CH, 6f and formaldehyde2e. This saddle point

For this reason, when phosphazerfesierived from triph-
enylphosphine (see Scheme 2, vide supra) are used, pyridine

corresponds to a quite synchronous reaction (Table 4) and wasderivatives3 and 4 are formed. However, electron-donating

found to lie 3.6 kcal/mol below its [2- 2] analogue. Despite
its larger ring size, the calculated NICS at the(B) ring point

is larger than that found fofS1zza (Figure 3), thus indicating

a higher aromatic character for this six-electron transition
structure. The corresponding 5,6-dihydro-1,8°2xaazaphos-
phinineINT 4,a was calculated to be nonaromatic. Analysis of
the bond orders of this intermediate revealed that it is an
authentic [4+ 2] cycloadduct, with a €N bond order close

to 2.0 (Figure 2).

According to our results, there is an intrinsic kinetic prefer-
ence for the [4+ 2] mechanism with respect to the alternative
[2 + 2] tandem cycloadditioncycloreversion pathway, the
thermodynamic preference in favor of the{42] 5,6-dihydro-

groups at the phosphine moiety as well as changing from
triphenyl to trimethyl derivatives also reduce this energy
difference. Therefore, inclusion of both effects (Table 5, entries
4—T7) induces a reversion of the periselectivity in favor of the
[2 + 2] cycloaddition, thus surpassing the intrinsic 4 2]
preference for the unsubstituted case. This trend is maintained
regardless the alkyl/aryl substitution pattern at the phosphine
moiety (Table 5, entries 10, 12, and 15). These results are in
nice agreement with our experimental results (see Scheme 3,
vide supra).

Another variable that can be relevant in the periselectivity
of the reaction is the substitution at the R3 position. When there
is a substituent other than hydrogen at this position, the steric

1,3,245%-0xaazaphosphinine cycloadduct being less pronouncedcongestion between R3 and R1,2 substituents (Chart 3) is much

(see the correspondim§Ex, values in Figure 3). This intrinsic
periselectivity can be rationalized by analyzing the main orbital
and electrostatic stabilizing interactions operating during the
early stages of both cycloaddition pathways.

The preference for the [4 2] pathway emerges clearly from
inspection of the orbital interactions reported in Figure 4. Thus,

more important in the case of transition structures associated

(43) For a more detailed quantitative treatment of the relevance of
electrostatic (Coulombic) and orbital interactions within the second-order
perturbation theory framework, see: Vivanco, S.; Lecea, B.; Arrieta, A.;
Prieto, P.; Morao, I.; Linden, A.; CossIF. P.J. Am. Chem. So200Q
122 6078.
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TABLE 5. Activation Energiest? (AE,, kcal/mol) Associated with Reactiond® Depicted in Scheme 6

AEa AEareI

entry INT R R2 R3 R* R 2+2] [4+2] 2+2] [4+2]
1 a H H H H H 6.38 2.78 +3.6 0.00
2 b H H H CHO H 7.35 6.83 +0.57 0.00
3 c CHs CHs H H H 5.97 2.81 +3.16 0.00
4 d CHs CHs H CHO H 8.83 12.15 0.00 +3.32
5 e CHs CHs H CHO HC=CH; 15.91 19.69 0.00 +3.78
6 f CHs CHs H CO,CHs H 7.07 9.16 0.00 +2.09
7 g CHs CHs H CO,CH;3 HC=CH, 13.84 20.74 0.00 +6.90
8 h CHs CHs CHs CO,CH;3 H 11.73 7.77 +3.96 0.00
9 i CHz CHs CHz CO,CHs HC=CH, 23.48 15.61 +7.87 0.00
10 j Ph Ph H CQCHs H 10.20 11.91 0.00 +1.71
11 k Ph Ph CH CO,CH;3 H 13.83 8.52 +5.31 0.00
12 | CHs Ph H CQCH;s H 8.65 10.91 0.00 +2.27
13 m CHs Ph ChH CO,CH;3 H 13.98 9.43 +4.55 0.00
14 n CHs Ph Ch CO,CHs HC=CH, 22.08 17.56 +4.52 0.00
15 o] Ph Chs H CO,CH;3 H 9.15 11.46 0.00 +2.31
16 p Ph Chs CHs CO,CH;3 H 12.77 6.46 +6.31 0.00

a All energies have been computed at the B3LYP/6-3HSAZPVE level.P The [2+2] activation energies are associated with the reaction between
phosphazene&f—q with aldehydea,e to form intermediate$NT ,,a—p. See Charts 45 for the assignation of the!’RR* and R substituents.

atom of N-vinylic phosphazenes can be increased when they
are derived from diphenylmethylphosphi6e,c,e or trimeth-
ylphosphine6b,d, and they undergo aza-Wittig reaction (1,2
addition) with the carbonyl group of unsaturated aldehydes (1,2
addition) through a [2+ 2] cycloaddition-cycloreversion
sequence in a regioselective fashion. However, the presence of
an alkyl group in position 3 oN-vinylic phosphazenes causes

a change of periselectivity, and the process takes place by means
of a [4 + 2] cyclization process. Computational studies are in
agreement with these experimental findings. According to the
computational model reported in this paper, there is an intrinsic
preference for the [4- 2] pathway because the HOMO of the
phosphazene ig-symmetric, the HOMO-1 (associated with the
[2 + 2] mechanism) being dominated by the lone pair of the
nitrogen atom. The presence of electron-withdrawing groups
at the S-position of the phosphazene results in a partial
preference for the [2+ 2] pathway. Finally, the transition
structures leading to the [2 2] intermediates are more sensitive
to steric effects at the carbon atom contiguous to the nitrogen
atom. The combination of these factors explains the different
periselectivities observed experimentally for diverse substitution
patterns. Azatrienes$l are intermediates in the preparation of
pyridines?7, 7' derived fromg-amino acids. It is worth noting
that pyridine compounds derived frgframino acids are useful
heterocycles not only for their biological activitfésut also
because the pyridine nucleus is a structural unit appearing in
many natural product®.

FIGURE 5. Ball and stick representation of transition structures Experimental Section
involved in the reaction between phosphazesigs and formaldehyde General Procedure for the Preparation of Pyridines 7a-d
2e. See Figure 3 caption for additional details. The hollow arrows from Phosphazenes 6Unsaturated aldehyd®(3 mmol) was added
emphasize the steric effect of substitution at teearbon of the to a solution of phosphazeréa (0.939 g, 3 mmol) in CHGI (6
phosphazene and the phosphine moiety (see Chart 2). mL) under N, and the mixture was stirred at 6C until TLC

. .. . indicated the disappearance of phosphazene. Evaporation of solvent
with [2 + 2] cycloadditions than in the case of those corre- ,,ger reduced pressure afforded an oil which after chromatography
sponding to [4+ 2] cycloadditions, as can be seen by inspection purification on silica gel gave the compouns
of Figure 5. Therefore, this additional steric interaction is
responsible for the [4- 2] periselectivity reported in entries 8, (44) For reviews, see: (a) Plunkett, A. Gat. Prod. Rep1994 11,

i i in i 581. (b) Numata, A.; Ibuka, TThe Alkaloids Brossi, A., Ed.; Academic
9'.t::'11t'h13’ and .14 OI -Il—able ﬁ This rgsﬂlt IS aga'r?(;” agreement Press: New York, 1987; Vol. 31. (c) Gould, S. J.; Weinreb, SHgrsch.
wi e experimental results (see Scheme 5, vide supra). Chem. Org. Naturist1982 4177. (d) Daly, J. L.; Spande, T. Blkaloids.

. Chemical and Biological Perspeets Pelletier, S. W., Ed.; Wiley: New
Conclusions York, 1986; Vol. 4, pp +274.
N . (45) For recent reviews, see: (a) Schneider, MAlBaloids. Chemical
We conclude thatN-vinylic phosphazenes are ambident ang giological Perspectes Pelletier, S. W., Ed.; Pergamon: Oxford, 1996;
nucleophilic reagents. The nucleophilic character of the nitrogen Vol. 10, pp 155-299. (b) Shipman, MContemp. Org. Synti995 2, 1.
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Ethyl 6-Methyl-3-pyridinecarboxylate (7d). The general pro-
cedure was followed using crotonaldehyt&(0.246 mL, 3 mmol).
The crude oil was chromatographed on silica gel (10:1 hexane/
AcOEt) to give 0.153 g (31%) ofd as a yellow oil R = 0.30,
hexane/AcOEt 2:1)H NMR (300 MHz, CDC}) 6 1.31 (1,3 n)
= 7.1 Hz, 3H), 2.56 (s, 3H), 4.30 (§Ju,m = 7.1 Hz, 2H), 7.17
(d, 3y = 8.1 Hz, 1H), 8.11 (d3J) = 8.1 Hz, 1H), 9.04 (s,
1H); 13C NMR (75 MHz, CDC}) ¢ 14.1, 24.5, 61.0, 122.7, 123.4,
137.0, 150.2, 162.8, 165.2; IR (NaCl) 1730; MS (B 165 (M',
93). Anal. Calcd for GH;;NO,: C, 65.44; H, 6.71; N, 8.48.
Found: C, 65.48; H, 6.69; N, 8.47.

General Procedure A for the Preparation of 3-Azatrienes 11.
Unsaturated aldehyd®(4 mmol) was added to a-010 °C solution
of phosphazené (4 mmol) in CHC} (10 mL) under N, and the
mixture was stirred at room temperature or warmed at@@intil

JOC Article

Calcd for GsH1sNO,: C, 74.67; H, 6.27; N, 5.81. Found: C, 74.75;
H, 6.25; N, 5.80.

Preparation of a Mixture of Pyridines 7b and 7'a from
3-Azatriene 11b.Cinnamaldehydeb (0.378 mL, 3 mmol) and
crotonaldehyded (0.250 mL, 3 mmol) were added to a-@0 °C
solution of 3-azatriené1b (3 mmol) in CHC (10 mL) under N,
and the mixture was stirred at 6€ during 50 h untitH NMR
indicated the disappearance of 3-azatriene. Evaporation of solvent
under reduced pressure afforded an oil that was chromatographed
on silica gel to give the compound&® and 7'a (10:1 hexane/
AcOEt).

Ethyl 6-Phenyl-3-pyridinecarboxylate (7b).A 0.102 g (15%)
portion of 7b was obtained as a brown oil (see the spectroscopic
data in the Supporting Information).

Ethyl 6-Methyl-3-pyridinecarboxylate (7'a). A 0.149 g (30%)

1H NMR indicated the disappearance of phosphazene. 3-AzatrienesPortion of 7'a were obtained as a yellow oil (see the spectroscopic

11 are unstable during distillation and/or chromatography and were
used without purification for the following reactions.

General Procedure B for the Preparation of 3-Azatrienes 11.
Unsaturated aldehyd®(4 mmol) was added to a-010 °C solution
of phosphazené (4 mmol), prepared “in situ” in CHGI(10 mL)
under N, and the mixture was stirred at room temperature until

IH NMR indicated the disappearance of phosphazene. 3-Azatrienes

11 are unstable during distillation and/or chromatography and were
used without purification for the following reactions.
1-Ethoxycarbonyl-3-azahepta-1,3,5-triene (11d)General pro-
cedure A was followed using phosphazeésee(1.252 g, 4 mmol)
and crotonaldehyd2d (0.328 mL, 4 mmol) (room temperature/24
h): 'H NMR (300 MHz, CDC}) of crude reaction mixturel.d +
PhMePO 6 1.23 (t,3)pn) = 7.2 Hz, 3H), 1.92 (dd¥Jum = 1.2
Hz, 3 ny = 6.7 Hz, 3H), 1.96 (d3Jnm = 13.0 Hz, 3H), 4.15 (q,
8Jnm) = 7.2 Hz, 2H), 6.00 (d3Jw ) = 13.1 Hz, 1H), 6.33 (ddd,
Y = 1.2 Hz,3)y ) = 15.3 Hz,3Jy 4y = 9.0 Hz, 1H), 6.48 (dq,
3Jmpm = 6.7 HZ,3) ) = 15.3 Hz, 1H), 7.36:7.74 (m, 11H), 7.95
(d, 3y = 9.0 Hz, 1H);13C NMR (75 MHz, CDC}) of crude
reaction mixture 11d + PhhMePQ 6 14.0, 16.5 (dNp )= 74
Hz), 18.8, 60.0, 117.8, 128:3134.5, 147.4, 153.7, 155.5, 166.8,
169.4. General procedure B was followed using phospha@bne
(4 mmol), prepared “in situ”, and 0.328 mL (4 mmol) of
crotonaldehyde2d (room temperature/5 h)*H NMR (300 MHz,
CDCl) of crude reaction mixturel(Ld + MesPO) 6 1.23 (t,3)u 1)
= 7.2 Hz, 3H), 1.47 (d2Jp,n)= 12.8 Hz, 9H), 1.92 (i) =
1.2 Hz,3u ) = 6.7 Hz, 3H), 4.15 (q3Jnn) = 7.2 Hz, 2H), 6.00
(d, SJ(H,H) = 13.1 Hz, 1H), 6.33 (ddd‘t\](H,H) =1.2 HZ,SJ(H,H) =
15.3 Hz,2Jum) = 9.0 Hz, 1H), 6.48 (dg€Jw,my = 6.7 HZ,3 ) ) =
15.3 Hz, 1H), 7.68 (B n) = 13.1 Hz), 7.95 (d3Jp,ny = 9.0 Hz,
1H); 3C NMR (75 MHz, CDC}) of crude reaction mixturel(.d
+ MesPQ) 0 14.0, 17.8 (dXp,c)= 70 Hz), 18.8, 60.0, 117.8, 147 .4,
153.7, 155.5, 166.8, 169.4.

General Procedure for the Preparation of Pyridines 7a-g
from 3-Azatrienes 11.The same unsaturated aldehy@ mmol),
used for the preparation of 3-azatriehg was added to a-010
°C solution of 3-azatriengl, prepared “in situ” in anhydrous CHEI
(20 mL) under N, and the mixture was stirred at 60 or 90 until
IH NMR indicated the disappearance of 3-azatrigheEvaporation
of solvent under reduced pressure afforded an oil that was
chromatographed on silica gel.

Ethyl 6-Methyl-2-phenyl-3-pyridinecarboxylate (7e). The
general procedure was followed using 3-azatriéde and cro-
tonaldehyde2d (0.246 mL, 3 mmol). The mixture reaction was
stirred at 90°C during 62 h. The crude oil was chromatographed
on silica gel (10:1 hexane/AcOEt) to give 0.398 g (55%Yyefas
a brown oil & = 0.49, hexane/AcOEt 2:1)*H NMR (300 MHz,
CDC|3) 00.94 (t-3-](H,H) =7.2Hz, 3H), 2.56 (S, 3H), 4.03 (aJ(H,H)
= 7.2 Hz, 2H), 7.10 (d3J,n) = 7.9 Hz, 1H), 7.19-7.85 (m, 5H),
7.93 (d,3nmy = 7.9 Hz, 1H);*3C NMR (75 MHz, CDC}) ¢ 13.5,

24.6,61.1, 121.1, 124.3, 126.0, 128.2, 128.4, 138.1, 140.5, 158.6,

160.6, 168.0; IR (NaCl) 1726; M/S (Efvz 241 (M*, 86). Anal.

data for the pyridinerd).

General Procedure the Preparation of Pyridines 7 The excess
of unsaturated aldehy@ used for the preparation of the 3-azatriene
11 (3 mmol), was eliminated by reduced pressure from the mixture,
and then 10 mL of CHGland 3 mmol of a different aldehydz
were added to a-010 °C solution of azatriend1. The mixture
was stirred at 60 or 98C until 'H NMR indicated the disappearance
of 3-azatriene. Evaporation of solvent under reduced pressure
afforded an oil that was chromatographed on silica gel to give the
compounds?'.

Ethyl 2-Phenyl-3-pyridinecarboxylate (7d). The general pro-
cedure was following using 3-azatrieh&f and acroleira (0.201
mL, 3 mmol), and the mixture was stirred at 9Q for 36 h.
Evaporation of solvent under reduced pressure afforded an oil which
was chromatographed on silica gel (20:1 hexane/AcOEt) to give
0.552 g (81%) of7'd as a yellow oil R = 0.43, hexane/AcOEt
2:1): *H NMR (300 MHz, CDC}) ¢ 0.96 (t,3Jpmy) = 7.2 Hz, 3H),
4.07 (q,3J(H,H) = 7.2 Hz, 2H), 7.24 (dd:,SJ(H'H) =47 HZ,SJHH:

7.8 Hz, 1H), 7.32-7.50 (m, 5H), 8.02 (dBJ ) = 7.8 Hz,

= 1.7 Hz, 1H), 8.68 (dd3Jnn) = 4.7 Hz,*Jumy = 1.7 Hz, 1H);

13C NMR (75 MHz, CDC}) ¢ 13.5, 61.3, 121.4, 127.3, 1277
128.4, 137.6, 140.1, 151.0, 158.7, 167.9; IR (NaCl) 1720; M/S (El)
m/z 227 (M, 10). Anal. Calcd for @H1aNO,: C, 73.99; H, 5.77;

N, 6.16. Found: C, 74.05; H, 5.76; N, 6.16.

Reaction of Phosphazene 6k and Cinnamaldehyde 2&in-
namaldehyde?b (0.378 mL, 3 mmol) was added to a-Q0 °C
solution of phosphazer@k, prepared “in situ” (3 mmol), in CHGI
(10 mL). The mixture was stirred at 6C during 2 h. Evaporation
of solvent under reduced pressure afforded an oil that was
chromatographed (5:1 hexane/AcOEt) to give compoutidand
13.

Methyl 2-Methyl-6-phenyl-3-pyridinecarboxylate (7h). A
0.219 g (30%) portion ofh was obtained as a yellow 0iR( =
0.55, hexane/AcOEt 2:1)*H NMR (300 MHz, CDC}) o 2.85 (s,
3H), 3.86 (s, 3H), 7.357.51 (m, 3H), 7.56 (d3J) = 8.3 Hz,
1H), 7.99 (d,3Jpn) = 7.3 Hz, 2H), 8.19 (dd3Jnm = 8.3 Hz,
3)nr = 1.8 Hz, 1H);33C NMR (75 MHz, CDCh) 0 25.2, 52.1,
117.3,123.3,127.3,128.8, 129.7, 138.5, 139.3, 159.2, 160.1, 167.0;
IR (NaCl) 1723; M/S (El)Wz 243 (M, 15). Anal. Calcd for GH1z
NO.: C, 73.99; H, 5.77; N, 6.16. Found: C, 74.02; H, 5.76; N,
6.15.

Dimethyl 2,6-Dimethyl-4-phenylethenyl-1,4-dihydro-3,5-pyr-
idinedicarboxylate (13). A 0.245 g (25%) portion ofl3 was
obtained as a yellow solid: mp 16970 °C (recrystallized from
AcOEt/hexane)*H NMR (300 MHz, CDC}) 6 2.27 (s, 6H), 3.66
(s, 6H), 4.54 (m, 1H), 5.59 (s, 1H), 6.36.17 (m, 2H), 7.09-
7.27 (m, 5H);:3C NMR (75 MHz, CDC}) 6 19.5, 36.2, 51.1, 101.4,
126.3-131.7,137.7, 145.1, 167.9; IR (KBr) 3334, 1698, 1649; M/S
(El) m/z 327 (M*, 56). Anal. Calcd for GH»;NO4: C, 69.71; H,
6.47; N, 4.28. Found: C, 69.68; H, 6.49; N, 4.27.
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