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DMAD adds regioselectivelly to N-acyl-(Z)-/?-enaminophosphaenes through the j3 position with 
high stereoselectivity. The stereochemistry and conformation of the products 2 and 4 in solution 
have been elucidated based upon NOE experiments and *Jpx (n  = 1-4, X = C, H) data. Large 
negative 4 J p ~  coupling constants from a predominant A contribution were observed from which 
conformational information could be derived. 3 J ~ ~  values are positive and follow the expected Karplus 
model, and values 2Jpc show a large stereochemical dependence. The activation energies for the 
isomerization of the C=C double bond as well as for the rotation around the C-N single bond of 
the enamine linkage have been calculated. The crystal structures of (Z)-l-benzoyl-3-[(Z)-1,2-bis- 
(methoxycarbonyl)vinyll-2,2-diphenyl-4-@-tolyl)-l,5-diaa-2X5-phosphapenta-l,3-diene (2a) [I?&/ 
c, a = 15.332(6) A, b = 17.154(4) A, c = 12.127(3) A, j3 = 101.40(3)O, 2 = 41 and (E)-l-benzoyl-3- 
[(Z)-1,2-bis(methoxycarbonyl)vinyll -2,2-diphenyl-4-cyclohexyl-1,5-diaza-2X5-phosphapenta- 1,3- 
diene (2d) [P21/c ,  a = 12.167(7) A, b = 21.14(4) A, c = 12.845(7) A, j3 = 108.77(6)O, 2 = 41 have been 
elucidated by single-crystal X-ray diffraction. Calculated conformations by MM and PM3 methods 
were in good agreement with the experimental observations. 

Enamines are important starting materials for the 
preparation of a large variety of heterocyclic compounds1 
as well as useful intermediates for the synthesis of 
biologically active molecules.2 During the last few years, 
we have developed a new methodology based on the use 
of phosphorylated enamines3 whichallows the introduction 
of both nitrogen and phosphorus heteroatoms into a 
heterocyclic framework! The incorporation of a side chain 
containing various specific functionalities would broaden 
the synthetic scope of these intermediates. We have 
recently reported the reaction between (N-acylamidophos- 
phazenes 1 and dimethyl acetylendi~arboxylate~ (DMAD). 
On the basis of the analysis of the phosphorus coupling 
constants of the isolated product, a trans addition of the 
enamine C-H bond to the acetylenic triple bond was 
assumed to occur (Scheme 1). 

The use of vicinal and long-range phosphorus coupling 
constants is a well-established criterion for stereochemical 
assignment.g Thus, a value of 3Jpc3 of 11.9 Hz in 2a can 
be taken as a steady indication7 for the retention of the 
2-configuration around the enaminic structure of 2. On 
the other hand, the value for 4 J p ~  (2.7 Hz) for the vinylic 
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Scheme 1 
12 11 
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2 R Configuration’ SdF” 

0 4-CHa-GH4 ZZ 19.0 

b 4-CH&H4 ZE 13.3 

c GHll zz 19.0 

d CsH11 E.? 20.2 

‘hhe tint letter refen to the C1C2 double bond and the 
second to the CSClO one. The same numeration as in 
the X-ray studies has boon used. 

proton at  C10 in 2a could be consistent with a W 
relationship between both nuclei? This arrangement is 
met a priori when the new C9-ClO double bond possesses 
an E-stereochemistry and the molecule adopts predom- 
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Synthesis of Polyfunctionalized 1-Aminobuta-l,&dienes 

Figure 1. Selected NOES for compound 2a measured at 300.13 
MHz in CDCla. 

inantly an s-cisoid conformation for the dienic system. 
However, it must be taken into account that long-range 
couplings involving mystems usually lead to unexpectedly 
large Jvaluesg without the need of connecting the coupled 
nuclei through a W pathway. Furthermore, for the 
proposed conformation a large 3Jpcl~ value should be 
expected, which is not actually the case ( 3 J ~ ~ l ~  = 6.2 Hz). 

In view of these uncertainities and owing to the 
interesting polyfunctional nature of 2,1° we have carried 
out a systematic study of its structure as well as the reaction 
conditions that produce 2. We have approached the 
problem both in solution by NMR spectroscopy and in 
the solid state through X-ray crystallographic analysis. 
Additionally, the solid-state data were used as input for 
a conformational analysis study using MM and MNDO- 
PM3 calculations. 

Results 
The electronic structure of 2 suggests a high sensitivity 

to solvent polarity.ll In order to avoid undesired side 
reactions, we tested an array of solvents (toluene, THF, 
CHZClz, CHsCN, DMSO) and temperatures (room or 
reflux) and found that the best results were obtained using 
anhydrous dichloromethane a t  room temperature during 
a 36-h reaction period. It was also observed that trace 
amounts of acid played an important role, so the solvent 
was distilled from N,N-dimethylaniline inmediately prior 
to use. In this way, and in relation to our previous reports* 
two major differences have been observed (1) the addition 
products of N-(ethoxycarbonyl) derivatives 3 to the DMAD 
can be isolated, and (2) when R = C6Hll two isomeric 
compounds 2c and 2d were identified in solution, while 
only2d was isolated in the solid state. Moreover, following 
the reaction course by NMR spectroscopy, the proton 
spectrum reveals the appearance of a byproduct being 
formed a t  a slower rate than that of the major compound. 
This byproduct made up 5-10% of the final product 
mixture. By careful use of column chromatography it has 
been possible to isolate 2b, R = 4-C&C&, whose 
structure was also deduced from its NMR data. 
NMR Studies. NOE difference experiments were 

combined with the information derived from 3 J ~  couplings 
studies to obtain the solution structure of compounds 2 
and 4. The following discussion refers to 2a. 

At room temperature, in CDClS the selective saturation 
of the doublet at  5.74 ppm affords positive NOES over the 
ortho protons of the phenyl rings bonded to phosphorus, 
as well as over those of the p-tolyl substituent (Figure 1). 
Moreover, by presaturating the more shielded methoxy 
protons (3.15 ppm), the same set of NOES are detected, 
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(10) (a) Hickmott, P. W. Tetrahedron 1984, 40, 2989. (b) Calligais, 
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plus an additional enhancement of the meta protons in 
thep-tolyl group (the assignment of the 'H- and lSC-NMR 
spectra has been based on 2D H/C correlation spectroscopy 
through VCH and VCH; see Experimental Section). Both 
observations are compatible with a cis addition of the 
enaminic CH bond to the triple bond in the DMAD to 
yield a Z,Z dienic system which could rapidly equilibrate 
between the s-cis and s-trans conformers around the C1- 
C9 bond, so that only an average conformation would be 
measured a t  this temperature. Moreover, the value of 
3Jpc3 = 11.9 Hz clearly indicates a trans relationship 
between both atomse3*t7 

There are some other points in the steady-state NOE 
spectra which deserve comment: for example, both 
methoxy groups show dipolar relaxation with the vinylic 
proton H10, and the presaturation of the ortho protons 
of the phenyl rings in the phosphazenyl group yields an 
unexpected NOE enhancement (1.5%) on the ortho 
protons of the p-tolyl substituent. 

Since a Z,Z-configuration for the two carbon-carbon 
double bonds of 2a has been f i i l y  established, these NO& 
suggest that there is a considerable lack of planarity in the 
compound due to steric and electrostatic interactions. 

Further spectral data support the assignment made. 
Lowering the temperature to -110 "C in THF-de had no 
major effect on the lH-NMR spectra (see below). At this 
temperature and for such a crowded molecule, the equi- 
librium between the s-trans and s-cis conformers should 
be slowed down enough to distinguish both species in 
solution.12 The phosphorus coupling constants found are 
also useful for these assumptions. Thus, 3 J ~ ~ 1 0  = 6.2 Hz 
could be interpreted as a time-averaging phenomenon 
which arises through almost equally populated planar s-cis 
ands-tram conformers.13 Then, a higher value4 would be 
expected for 3Jpc13; however, 4.2 Hz has been found instead. 
In DMSO-ds practically the same NOE enhancements are 
obtained except that now H10 interacts dipolarly only 
with its geminalmethoxy protons, i.e., changing the solvent 
does not modify the overall conformation,14 but the 
methoxycarbonyl at  C13 now shows a higher planarity 
relative to the C9-ClO double bond. This situation is again 
reflected in the coupling constants to phosphorus-31: 
3 J ~ ~ 1 ~  = 6.1 Hz and 3Jp~13  = 6.6 Hz. A plausible confor- 
mation that accounts for all the observations is depicted 
in Figure 1. It supposes a predominant s- trans confor- 
mation for the dienic system with large dihedral angles 
between the groups connected through the C2-C3, C1- 
C9, and C9-Cl3 single bonds.l6 It is worth mentioning 
that neither configurational nor conformational conclu- 
sions could be drawn at  this stage from the large 4 J p ~  
coupling measured (see below). 

Compound 2b showed analogous NMR signals to 2a 
indicating their isomeric relationship. They were easily 
assigned by direct and long-range 2D heteronuclear 
correlation spectroscopy (see Experimental Section). At 
first sight, the most remarkable difference between the 
lH-NMR spectrum of both compounds, measured at room 
temperature in CDC13, is the lack of equivalence of the 
phenyl ring protons in the phosphazenyl group of 2b; these 

(12) Sternhell, S. In Dynamic Nuclear Magnetic Resonance Spec- 
troscopy; Jackman, L. M., Cotton, F. A., E&.; Academic Press: New 
York, 1975; p 163. 
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E: C02Me 

Figure 2. Selected NOES for compound 2b measured at 400.13 
MHz in CDCL. 

Table 1. Solvent Dependence of the Ratio 2c:2d. 
solvent 2c 2d 

DMSO-de 25 75 
CD&N 30 IO 
THF-dB 45 66 
CDCls 60 40 

O I n  percent, by integration of the 1H-NMR spectra, 0.05 M 
solutions, room temperature. 

data are interpreted to mean that the rotation of these 
rings is now restricted, possibly due to an increase in their 
steric interactions, as expected for an E stereochemistry 
for the C W 1 0  double bond. The 2 configuration of the 
enaminic moiety is readily assignable from the 3 J p ~ 3  
coupling constant, 3Jpc3 = 11.4 Hz. This picture is fully 
confirmed by NOE experiments. The enhancements 
observed demonstrate the conformation of 2b. Thus, both 
methoxy protons afford positive NOES with H10 as well 
as the ortho protons of the p-tolyl and phosphazenyl 
substituents; however, the intensity of the enhancements 
for these last protons depends most notably on the 
presaturated methoxy group (Figure 2),and only the most 
deshielded one is dipolarly related with the N-benzoyl 
group. These differences are clearly incompatible with a 
free rotation around the Cl-C9 and the C1-P single bonds; 
in that case, the NOES between the vinylic proton H10 
and the p-tolyl substituent can only be explained assuming 
a large dihedral angle for the aminodienic system of 2b, 
according to the conformation depicted in Figure 2. From 
the 3 J p ~  values found for C10 and C13 it can be concluded 
that the magnitude of this angle must be similar to that 
for 2a. Therefore, compound 2b is the result of a trans 
addition of the enaminophosphazene to the DMAD, and 
interestingly, a similar 'JpH = 2.4 Hz to that for 2a is 
obtained, which clearly shows the impossibility of using 
the absolute value of this coupling for stereochemical 
assignments (see below). 

As already mentioned, a mixture of two compounds 2c 
and 2d was found in solution for R = &HI'. They produce 
a unique molecular ion on the IE mass spectrum (M+ = 
556) and an analogous group of signals in the NMR spectra; 
i.e., they are isomers. Their ratio,determined by 'H-NMR, 
is solvent dependent in the sense that more polar solvents's 
tend to favor 2c over 2b (Table 1). The 'H-NMR spectrum 
measured in CDCla shows two overlapped methoxy groups 
which are resolved into two separated signals when THF- 
da is used as solvent; their 'H- and '3C-NMR spectra have 
been assigned by 2D heteronuclear correlation spectros- 
copy. Thus, the 2D HMQC spectrum17 allows the iden- 
tification of all the protonated carbon atoms, even though 

(16) (a) Fetell, A. I.; Feuer, H. J. Org. Chem. 1978,43,497. (b) Chiara, 
J. L.; Sdnchez, A. G.; Bellanah, J. J. Chem. SOC., Perkin Ikons. 2 1992, 
787. (c) Dell' Erba, C.; Mele, A.; Novi, M.; Petrillo, G.; Stagnaro, P. 
Tetrahedron 1992.48, 4407. 

(17) Bax. A.; Griffey, R. H.; Hawkins, B. I. J. Magn. Reson. 1983,55, 
301. 

110 

120 

130 

-140 

-150 

-160 

-170 

-11 

Figure 3. Expansion plot of the HMBC spectrum of the mixture 
2c/2d recorded at 400.13 MHz in THF-de, showing the connec- 
tivities of the methynic and methoxy protons. The negative slope 
of the cross peak between H10 and C1 is clearly seen. The inset 
corresponds to the cross peak of H10 with the carbonyl carbon 
C13, obtained from a second HMBC spectrum acquired with 
higher resolution ( f i i  matrix of 4K x lK, sweep width of 3000 
HzinF2andof 2000HzinF1,magnitudemode). Fromitenegative 
slope the positive sign of s J ~  is identified. 

there is a severe overlap in the aromatic region of the 
'H-NMR (see Experimental Section). On the other hand, 
the assignment of the quaternary carbon atoms has been 
deduced from the long-range correlations observed in the 
2D HMBC spectrum.'a The key entries are the two 
doublets of H10 at 7.06 ppm for the major and 6.09 ppm 
for the minor component. Each of them shows four cross 
peaks corresponding to the connections with C1, C9, C l l ,  
and C13 (Figure 3); the higher intensity obtained for the 
cross peaks of H10 with C1 and C13 is a result of the 
increased efficiency in the coherence transferlg through 
3 J c ~  over that of 2 J ~ ~ .  Moreover, the negative slope of 
the pairs of cross peaks between H10 and C1 derives from 
the passive coupling to the phosphorus-31 nucleus. This 
slope is a consequencem of the opposite sign of lJpc us 
'JPH; since a positive sign2' can be assumed for a 
negative sign is obtained for *JPH. Once the identity of 
each carbonyl linkage is established, the corresponding 
methoxy groups are easily assigned by their respective 
3JCH correlations in the HMBC spectrum. 

The above discussion does not show whether 20 and 2d 
are conformational or configurational isomers. However, 
the analysis of the PC couplings reveals that the isomer- 
ization ocurred at the enaminic moiety: 3Jpc3 = 8.9 Hz for 
2c and 3Jp~3 = 5.2 Hz for 2d are consistent with a 2 and 
E stereochemistry for this double bond, respectively. 

(18) Bax, A.; Summers, M. F. J.  Am. Chem. SOC. 1986,108,2093. 
(19) Martin, G. E.; tktzer, A. S. Magn. Reson. Chem. 1988,26,631. 
(20) Schmidt,B.B.;Tang, W. C.;Eisenbrand, G.;vanderLieth,C. W.; 

(21) Kalinowski, H. 0.; Berger, S.; Braun, S. W - N M R  Spektroskopie; 
Hull, W .  E. Magn. Reeon. Chem. 1992,30,1224. 
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Figure 4. Selected NOES for compounds 2c and 2d measured 
a t  400.13 MHz in THF-de. 

Table 2. Energy Barrier (kcal mol-') for Rotation around 
the C2-N Bond in Compounds 2 and 4 

compda Tcoll (W AG* 
28 261 11.2 
2bb 269 11.4 
2c 286 12.4 
2d 256 11.5 
48 277 12.1 

0 0.05 M solutions in THF-ds. In EhO-dlo. 

Steady-state NOE experiments confirm the assignment 
made. The key points are the dipolar connectivities 
established for each methyne proton of the cyclohexyl 
substituent and those of the methoxy protons (Figure 4). 
It  is interesting to note that the couplings to phosphorus 
for C10 and C13 are very similar for both isomers and lie 
in the range 5.0-6.7 Hz. Also noteworthy is the increase 
observed in 2 J p c ~  due to the isomerization of the enaminic 
double bond 4.4 Hz in 2c us 17.7 Hz in 2d. Following the 
same argument outlined above a similar conformation to 
that of 2a can be assumed for 2c and 2d (Figure 4). 

The NOE spectra also showed the existence of a 
magnetization transfer processz2 between 2c and 2d, the 
rate of which is of the order of the longitudinal relaxation 
rate. We have quantifiedz3 the process for each vinylic 
proton and calculated a AG* for the isomerization reaction 
of AG*m = 17.8 kcal mol-' and AG'n = 17.7 kcal mol-', 
in good agreement to reported values for similar push- 
pull olefins.24 

Lowering the temperature produces a broadening of the 
more shielded methoxy protons in the 'H-NMR spectra 
as well as a decrease in the rotation rate around the C-N 
single bond. In that way the two protons of the amino 
group can be distinguished, and their rate of exchange has 
been calculated at  the coalescence temperaturez5 (Table 
2). The biggest chemical shift difference is encountered 
for the NH protons in the 2-configuration, which could 
be ascribed to the presence of an intramolecular hydrogen 
bond,26 which explains the higher AG* for the NHz 
rotation27 in 2c relative to 2d. Whether the P=N or the 
C=O linkages of the N-benzoylphosphazenyl moiety are 
involved in this bond cannot be decided by the 'H-NMR 
spectrum itself, it must be analyzed together with the 
conformation of the group around the C15-N single bond. 
The large 3Jpc16 = 21.2 Hz indicates an anti orientation 

(22) Neuhaus, D.; Williamson, M. The Nuclear Ouerhauser Effect in 
Structural and Conformational Analysis; VCH Publishers: Weinheim, 
1989; p 141. 

(23) (a) Green, M. L. H.; Sella, A.; Wong, L. L Organometallics 1992, 
11,2650. (b) Maroppan, S. V. S.; Rabenstein, D. L. J. Magn. Reson. 1992, 
loo, 183. 

(24) Prokofev, E. P.; Krasnaya, Z. A.; Kucherov, V. F. Org. Magn. 
Reson. 1974, 6, 240. 

(25) Gutowsky, H. S., Holm, C. H. J. Chem. Phys, 1956,25, 1228. 
(26) Chiara, J. L.; Sbnchez, A. G.; Hidalgo, F. J.; Bellanato, J. J. Chem. 

SOC., Perkin Trans. 2 1988, 1691. 
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Scheme 2 

3 4 

4 fl Configuration. &(ppm) 

a 4-CHa-GHd ZZ 22.8 

b G H i i  u 23,4 

C CBH1l €2 19.9 

a)The first letter refers to the enaminic double bond 

between both atoms with a planar arrangement of the 
P-N and C=O double bonds, and the NOE enhancement 
observed for the ortho protons of the P-phenyl rings after 
presaturation of the corresponding ortho protons of the 
N-benzoyl group is consistent with a preferred s-cis 
conformation for the N-benzoylphosphazenyl substituent, 
in which the carbonyl double bond faces the NH2 group 
and, therefore, both P=N and C=O double bonds are 
available for hydrogen bonding.28 

Two consequences can be drawn from the discussion 
above: (i) a reduced mobility for the N-benzoyl group is 
expected, in good agreement with the absence of conformer 
exchange at  very low temperatures, and (ii) steric inter- 
actions would impose a nonplanar arrangement of the 
molecular fragment defined by the enamine, P=N and 
C=O linkages; therefore, the phosphazenyl group will be 
rotated in relation to the enaminic moiety, which would 
favor the observation of NOE between their phenyl rings 
protons and those of the p-tolyl substituent, as experi- 
mentally detected. 

The same study has been carried out for compounds 4 
(Scheme 2). Once again, a single product is isolated for 
4a, whereas a mixture of the 2 and E isomers of the 
enaminic double bond results for 4b. Both compounds 
are very sensitive to traces of acid. Even during the 
acquisition of the NMR spectra of freshly prepared 
samples, they transform very rapidly into a cyclic com- 
pound whose structure is currently under study. In fact, 
all attempts to purify 4b failed, and its identification was 
carried out over the reaction crude. 

The 'H-NMR spectra show the characteristic doublets 
for the methyne proton due to the 4 J p H  coupling constant. 
On the other hand, similar de~h ie ld ing~~  of the 3lP 
resonances is observed in the adducts 2 and 4 in relation 
to those of the starting materials 1 and 2. The analysis 
of the P-C couplings together with the steady-state NOES 
observed indicates that changing a benzoyl for an ethoxy- 
carbonyl group in l increases their reactivityS0 toward the 
DMAD but does not significantly modify the configuration 
and conformation for the reaction products. 

Single-Crystal X-ray Studies and  Computational 
Calculations. To clarify the structural assignments made 
above, a crystallographic study was carried out. Single 

(28) IR spectra of solutions of 2a in THF and CHCh with increasing 
dilution showed no changes in the stretching vibrations of the NH, P=N, 
or benzoylfunctionalgroups. (a) Avram, M.; Mateescu, G. D. Spectroecopie 
Infrarrouge; D u d  Paris, 1970. b) Aaron, H. S. Top. Stereochem. 1979, 
11, 2. 

(29) Chou, W. N.; Pomerantz, M.; Witzcak, M. K. J. Org. Chem. 1990, 
55. 716. 

(30) Barluenga, J.; L6pe2, F.; Palacios, F. J.  Organomet. Chem. 1990, 
382, 61. 
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Figure  5. Molecular structure of compound 2a in the crystal 
and crystallographic numbering scheme used. 

Table 3. Selected Bond Lengths (A) and Angles (deg) for 
Compounds 2a and 2d 

distance 2a 2d angle 2a 2d 

P1-N1 
Pl-cl 
01411 
0 2 4 1 1  
03-C13 
04-C13 
0 5 4 1 5  
N1-C15 
N 2 4 2  
Cl-C2 
Cl-C9 
C2-C3 
C9-ClO 
C9-Cl3 
Clo-Cll  
C15416 

1.603( 5) 
1.786(6) 
1.202(8) 
1.336(8) 
1.191(7) 
1.333(8) 
1.263(6) 
1.326(7) 
1.359( 7) 
1.382(7) 
1.489(8) 
1.496(8) 
1.345(8) 
1.506(9) 
1.489(9) 
1.499( 8) 

1.607 (3) 
1.793(3) 
1.191 (5) 
1.336( 5) 
1.193(5) 
1.351(5) 
1.247(4) 
1.350(4) 
1.357(4) 
1.375(4) 
1.479(4) 
1.517 (4) 
1.342( 5) 
1 A98( 5) 
1.479(5) 
1.508 (5) 

C1-P1-N1 
C15-N1-P1 
c241-P1  
C9-Cl-Pl 
C 9 - C l 4 2  
C142-N2 
C342-N2 
C 3 4 2 4 1  
C 4 4 3 4 2  
Clo-C9-C1 
C1349-Cl  
C 1349-C  10 
Cll-Clo-CS 
c10-c11-0 1 
c1o-cll-02 
C9-Cl3-03 
C9-C 13-04 
C16-Cl5-Nl 

115.6(3) 
125.1(4) 
120.7 (5) 
119.0(4) 
120.3(6) 
125.2(6) 
112.8(5) 
122.0(6) 
120.1(7) 
120.3(6) 
117.0(6) 
121.9(6) 
122.3(7) 
1 26.7 (8) 
108.7 (7) 
122.8(7) 
111.4(7) 
115.9(6) 

118.6(2) 
121.1(2) 
120.4(2) 
117.9(2) 
121.7(3) 
121.9(3) 
114.7 (3) 
123.4(3) 
112.8(3) 
123.0(3) 
116.4(3) 
120.3(3) 
122.3(3) 
127.5(4) 
109.3(4) 
124.4(4) 
110.7(4) 
114.4(3) 

crystals of 2a and 2d were obtained from a solution of 
hexane-CH2C12 and toluene, respectively, a t  room tem- 
perature. Crystallographic data including fractional co- 
ordinates, molecular distances, and angles are given as 
supplementary material; a summary of the most relevant 
molecular distances and angles discussed in the text is 
collected in Table 3. 

The X-ray data show only one solid-state configuration 
for each compound 2a and 2d, corresponding to a 22 
stereochemistry for the dienic system in 2a (Figure 5), 
whereas a E2 configuration was found for 2d (Figure 6). 
It is worth mentioning that both compounds have in 
common the lack of planarity for the dienic systems defined 
by C2ClC9ClO and C2ClPlN1, the dihedral angles being 
136.7(7)' and -79.8(6)'for 2a and 129.7(5)' and -59.8(5)' 
for 2d, respectively. Moreover, only the methoxycarbonyl 
group Cl lOl  is coplanar with the C9-C10 double bond, 
while the carbonyl group C1303 forms a dihedral angle 
close to 115' with that bond, in good agreement with the 
values found for similar subunits in the l i t e r a t ~ r e . ~ ~  Also, 
the p-tolyl substituent in 2a lies quasi perpendicular to 
the enaminic linkage (the dihedral angle ClC2C3C4 is 
109.4(7)'); on the other hand, the E stereochemistry of 

(31) Villanueva, L. A.; Abboud, K. A.; Boncella, J. M. Organometallics 
1992,11,2963. 

Figure  6. Molecular structure of compound 2d determined by 
X-ray diffraction. 

the enamine in 2d allows the allocation of the carbonyl 
group of the N-benzoyl moiety antiperiplanar to the phenyl 
rings bonded to the phosphorus. Therefore, both com- 
pounds adopt a highly distorted conformation in the crystal 
most probably imposed by the bulky substituents around 
the double bonds, in contrast to similar conjugated systems 
with less steric demand.32 The overcrowding is also 
reflected in the significant decrease of the bond angles 
connecting the N2C2C3 and PlClC9 atoms (Table 3). The 
primary amino group is coplanar with the C1C2 double 
bond, which in turn is longer [1.382(7) A in 2a and 
1.375(4) A in 2dl than a formal double bond (1.337 A),33 
owing to the delocalization of the lone-pair on nitrogen 
atom with this group,34 as expected for a typical push- 
pull ethylene. However, the conjugation along the ami- 
nodienic system of 2a/2d must be very much reduced, as 
deduced from the comparison with the data for some 
related systems. Thus, the C1C2 bond distance in 2a (1.382 
A) is comparable35 to the one found in compound 5, but 
it is shorter than that observed32 for the corresponding 

5 6 

%Tf 
Me. Me 

H Me 

7 

(32) Blake, A. J.; McNab, H.; Monahan, L. C. J. Chem. SOC., Perkin 
Trans. 2 1991,2003. 

(33) International Tables for X-ray Crystallography; Kynoch Press: 
Birmingham, 1974; Vol. 111, p 208 (present distributor Kluwer Academic 
Publ., Dordrecht). 

(34) Shmueli, U.; Atidi, H. S.; Horwitz, H.; Shvo, Y. J. Chem. SOC., 
Perkin Trans 2 1973.657. 

(35) Barluenga, J.: Lbpez, F.; Palacios, F.; Cano, F. H.; Foces-Foces, 
M. C. J. Chem. SOC., Perkin Trans. 1 1988,2329. 
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Table 4. Bond Lengths (A) and Angles (deg) for Compounds 2a and 2d. 

donor-H donor-. acceptor H.-acceptor angle 
Compound 2a 

N2-H202,1.08(1) N2-*06,2.857(7) H202*-05,2.161(7) N2-H202--05,119.9(5) 
N2-H202 (i), 1.08(1) N2-.05 (i), 2.995(6) H202.-05 (i), 2.690(7) N2-H202--05,93.3(4) 

N2-H202 (i), 1.08(1) N2-05 (i), 3.014(4) H202.-05 (i), 2.192(4) N2-H202-*05,131.1(4) 
Compound 2d 

0 Symmetry code: (i) -X, -Y, -Z. 

bond in 6 [1.397(8) A] and in the trifluor~sulfonate~~ 7 
[1.440 A]; the same happens when the analogous C9C10 
double bonds of 2a [1.345(8) AI and 6 [1.409(8) AI are 
compared. Consequently, the C1C9 bond distance is 
markedly longer [1.489(8) A in 2a and 1.385(8) A in 61 
even when compared with the standard CBppCBpz distance.37 
The same argument applies to the lack of conjugation 
through the system involving the methoxycarbonyl groups, 
as well as the p-tolyl substituent of 2a in relation to the 
enaminic linkage. 

Comparing the crystal packing of both compounds shows 
that they present a dimeric structure through intermo- 
lecular hydrogen bond formation, linking together the 
N-benzoyl and the amino groups; however, in the case of 
2a these groups also participate in an intramolecular 
hydrogen bond (Table 4). 

The solid-state structures reported here were directly 
used as input for the conformational analysis of all the 
possible stereoisomers of compounds 2 (22, ZE, EZ, and 
EE) based on the semiempirical PM3 method,% in all other 
cases a geometry preoptimization via MM was p e r f ~ r m e d . ~ ~  
The heats of formation obtained for the minimal energy 
conformation of each isomer are depicted in Figure 7, and 
the computed structures for 2a and 2d are represented in 
Figure 8; additional data are given as supplementary 
material. To a good approximation, the changes in the 
entropy of the isomerization process can be neglected for 
comparison in each series of compounds, so that these 
heats of formation can be treated as free energy values in 
the gas phase. The predicted stabilities are in good 
agreement with the experimental results. Thus, for R = 
p-tolyl the two more stable isomers are 2a (ZZ) and 2b 
(ZE), the first being favored by 0.33 kcal mol-', while for 
R = C&l the two isomers around the enaminic double 
bond 2c (EZ) and 2d (ZZ) are now preferred. Confor- 
mationally speaking, all isomers show a very twisted 
arrangement for the aminodienic system, with dihedral 
angles close to 90° for the segments PlClC9C10 and 
PlClC9C13 (Table 5) .  The enaminic linkage is planar, 
but the R substituent lies nearly perpendicular to the C1C2 
double bond, while the phosphazenyl group is slightly 
counterclockwise rotated relative to that bond; as expected, 
only one of the methoxycarbonyl groups is found in the 
plane of the C9C10 double bond. On the other hand, the 
N-benzoylphosphazenyl moiety adopta an s-cis conforma- 
tion with the carbonyl group syn to the enamine, in sharp 
contrast with the transoid arrangement encountered with 
CNDOIP calculations carried out with N-vinylphos- 
phazene5.a 

(36) Beagly,B.; Bitrus, P.; Booth,B. L.; Pritchard, R. G. J. Chem. SOC., 

(37) Allen, F. H.; Kennard, 0.; Watson, D.; Brammer, L.; Orpen, A. G.; 

(38) (a) Stewart, J. J. P. J. Comput. Chem. 1989,lO. 221. (b) MOPAC, 

(39) CHEM-X Chemical Design Ltd., Oxford England, 1989. 
(40) Albright, T. A.; Freeman, W. J.; Schweizer, E. E. J. Org. Chem. 

Perkin Trans. I 1993,1039. 

Taylor, R. J.  Chem. SOC., Perkin Trans. 2 1987, S1-S19. 

Stewart, J. J. P. QCPE Bull. 1990, No. 445. 

1976,41, 2716. 
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Figure 7. Relative energies among all configurational isomere 
of compounds 2 derived from the heats of formation calculated 
by MNDO-PM3 method. 

Discussion 

The experimental results and theoretical calculations 
show very similar results regarding probable conformations 
for compounds 2 and 4 both in solution and in the solid 
state, in which the aminodienic framework may be 
described as enaminic and the vinylic subunits are very 
poorly conjugated owing to the large deviation from 
planarity of the double bonding system. This distortion 
can be ascribed to the bulkiness of the substituents around 
the butadienic moiety, which at  the same time imposes a 
high degree of rigidity according with the observed NOES 
and coupling constants. 

It is interesting to note that although a higher energy 
difference has been calculated for the ZZIZE isomers when 
R = C&l (2.97 kcal mol-') than when R = p-tolyl (1.33 
kcal mol-'), which are found to interconvert in solution 
even when low polar solvents are used (AG*m = 17.8 kcal 
mol-', see above), the p-tolyl derivatives do not. Moreover, 
by dissolving a small portion of the crystals used in the 
X-ray analysis of 2d in CDCl3, the same ratio of 2c/2d is 
found in their NMR spectra as when the crude reaction 
product is measured. This means that the enaminophos- 
phazenes 1 add regio- and stereoselectivelly to the DMAD, 
but an inversion of the configuration of the enaminic 
moiety is observed depending on the R substituent used. 
The difference in the isomerization rates of the enaminic 
moiety in compounds 2 could be in principle attributed 



1990 J. Org. Chem., VoZ. 59, No. 8, 1994 L6pez-Ortiz et al. 

t) A 

Fs, b 

B 
Figure 8. Conformers showing minimal energy using PM3 method: (A) for compound 2a and (B) for compound 2d. See Figure 5 
for labeling. 

Table 5. Selected Torsion Angles (deg) for the MNDO-PM3 Calculated Structures along with Their Corresponding Heats of 
Formation (kcal mol-') 

C2-cl-c4-c10 79.11 91.79 -90.33 105.96 -80.63 86.25 99.45 -85.87 
Cl-Pl-Nl-Cl5 120.91 81.26 -50.17 61.29 -52.95 48.77 -49.04 100.57 
Nl-Pl-Cl-CB -66.33 -74.14 -46.87 -75.94 -52.62 -71.47 -50.81 -44.38 
ClO-C9-C13-03 45.35 -7.45 66.77 128.97 -66.01 18.51 120.74 -65.03 
C9-c1o-cll-01 -68.75 -68.99 -48.40 -48.19 -55.98 -71.38 -51.03 -50.61 
Hf -42.1 0 -46.63 -45.62 -46.95 -86.04 -86.65 -90.56 -87.59 

a Compounds experimentally observed and identified by NMR. b Configuration for compounds determined by X-ray diffraction. 

to a stronger intramolecular hydrogen bond41 in 2a us 2c. 
However, a lower energy for the rotation of the amino 
group has been measured for 2a than for 2c (Table 2); 
therefore, the isomerization process must be controlled 
by the energy gap necessary to overtake the transition 
state. 

Another interesting structural feature in the enamines 
2 and 4 is the set of couplings to the phosphorus-31 nucleus 
found. No significant fluctuations of lJpc were observed, 
and the values obtained are in the expected range6 for Csp2 
carbons bonded to phosphorus (IV), however, 2Jpc coupling 
were very sensitive to the stereochemistry of the enaminic 
double bond; for C2 in 2c/2d they differ by 1 order of 
magnitude. Changes in 2 J p ~  within isomer pairs of P(1V) 
compounds have been noted by various authors6b. Steric 
 interaction^^^ as well as stereochemical dependence from 
the orientation of the P-0 have been invoked to 
explain the values observed. However, in 2c and 2d the 
orientation of the phosphazenyl group remains almost 
unchanged, so that the increase of 2 J p ~  in 2d could be a 
consequence of several factors involving a higher s 
character of C2 as well as an increase in bond angles.44 
One may note that the calculated geometries for 2c and 

(41) Emsley, J.; Freeman, N. J.; Parker, R. J.; Kuroda, R.; Overill, R. 
E. J. Mol. Struct. 1987, 159, 173, 

(42) Quin, L. D. In The Heterocyclic Chemistry of Phosphorus. Systems 
Based on the Phosphorus Carbon Bond; Wiley Interscience: New York 
1981; p 272. 

(43) Xue, C. B.; Yin, Y. W.; Zhao, Y. F.; Wu, J. 2. J. Chem. SOC., Perkin 
Trans 2 1990,431. 

(44) Jameson, C. J. In Phosphorus-31 NMR Spectroscopy in Ster- 
eochemical Analysis; Verkade, J. G., Quin, L. D., Eds., VCH Publishers: 
Weinheim, 1987; p 205. 

2d predict a decrease in the bond angles ClC2N2 and 
ClC2C3 on going from 2c to 2d, which can be related with 
an increase in the s character between C2 and C l  in 2d, 
and hence, a larger 2 J p ~  coupling should r e s ~ l t . ~ ~ ? ~ ~  

Greater confidence can be placed in the stereochemical 
assignments based on 3 J p ~  because of the large body of 
data showing the dihedral angle ((c) dependence of the 
vicinal 13C-31P coupling constants6 for P(1V)  compound^;^ 
the resulting Karplus curve shows maxima for J at  (c = 0 
and 180" with 3Jpc-trm > 'Jpc-ciS and the usual minimum 
at  (c = 90" (J = 0 Hz). Accordingly, large 3 J p ~ 3  (>9 Hz) 
have been measured for the 2 enaminic moiety in 
compounds 2 and 4, whereas intermediate values (C6 Hz) 
are found in the E configuration. Nonetheless, lower 
efficiency is obtained in the determination of the con- 
formation around Cl-C9; mean 3 J p ~  values of 6 Hz are 
measured for ClO and C13, while both NOE experiments 
and semiempirical calculations predict a (c close to 90" 
relating the P-C10 and P-C13 nuclei so that, a very small 
vicinal coupling should be expected. Considering the fact 
that a positive sign is obtained from the HMBC (Figure 
3) spectra for 3Jp~13, a displacement from the 90" position 
to lower dihedral angles of the minimum of the vicinal 
13C-31P coupling seems a reasonable expectation for the 
phosphazenes studied here; however, more work is nec- 
essary on compounds of fixed conformation and of known 
orientation of the P=N linkage46 to calculate a Karplus 
curve for this coupling constant. 

(45) Albright, T. A.; Freeman, W .J.; Schweizer, E. E. J. Am. Chem. 
SOC. 1975,97, 2942. 
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Finally, large values of 4 J p ~  have been found relating 
both nuclei (2.7/2.4 Hz for H10 in compounds 2a/2b, 
respectively) independently of the geometry, so that no 
conformational information could be obtained a priori. It 
is well known that ~JHH, "JcH, andnJcc ( n  = 1-9) couplings 
involving ?r electrons may be considered as the s u m  of two 
contributions:' J' and J*, and that a sign alternation 
characterizes J* depending on the number of intervening 
bonds, the even numbers of bonds corresponding to 
negative J* coup1ings.a Moreover, valence bond calcu- 
lations for allylic fragments49 have shown a cos2 4 
dependence for 4 J * ~ ~ ,  4 being the angle formed between 
the sp3 hybridized C-H bond and the axis of the adjacent 
2pu orbital; therefore, a maximum negative value is 
expected for 4 = 0' and 180' and vanishes for 4 = 90'; 
in acyclic molecules a weighted average of the conformer 
populations must be c0nsidered.m In our case the ex- 
perimental and theoretical evidence are in agreement with 
such conformations for componds 2 and 4 in which the 
torsion angle between the phosphorus atom and the 2pu 
orbitals of the C9C10 double bond is very close to 0'; this 
implies that the u component must predominate in 
and therefore, a negative sign for this coupling should be 
obtained. Indeed, this proved to be the case because from 
the HMBC spectra of these compounds a negative sign for 
4 J p ~ l ~  has been measured (see explanation above, Figure 
3). These facts allows us to state that valuable confor- 
mational information can be obtained from 4 J p ~  in 
phosphorylated allylic fragments when the magnitude 
and sign of this coupling is known. 

In summary, N-acyl 6-enaminophosphazenes add to the 
DMAD through the @-enaminic carbon with a 2-stereo- 
selectivity higher than 90 % in the new double bond formed; 
the stereochemistry of the enamine is retained or inverted 
depending on the substituent on the a-carbon. The 
l-amino-l,&butadiene derivatives formed exhibit a pre- 
ferred conformation in which the dihedral angle formed 
by the dienic system is close to 90°, so that a very poor 
conjugation is expected. The predicted stabilities and 
conformations of the possible stereoisomers as derived 
from semiempirical calculations are in good agreement 
with the experimental observations and with the olefinic 
push-pull character of these compounds. 

Precise stereochemical information has been obtained 
from NOE enhancements and coupling constants. Both 
geminal and vicinal carbon-phosphorus couplings can be 
used to assign the configuration of phosphazenyl-substi- 
tuted double bonds, whereas the vicinal coupling constant 
has also been shown to be sensitive to conformational 
changes according to the Karplus model. On the other 
hand, the large 'JpH values found in compounds 2 and 4 
arise from a predominantly u contribution according to 
the negative sign measured and have been ascribed to a 
torsion angle close to Oo between the phosphorus atom 
and the axis of the 2pu orbital of C9, in analogy with the 
known model for proton-proton long-range couplings in 
allylic systems. Therefore, long-range coupling constants 
to the phosphorus involving allylic type frameworks can 

(46) Borieenko, A. A.; Sergeyev, N. M.; Nifantev, E. Y. J. Chem. Soc., 
Chem. Commun. 1972, 406. 

(47) Barfield, M.; Chnkrabarti, B. Chem. Rev. 1969,9, 767. 
(48) (a) -, H.; Teuji, T.; Miura, K. J. Am Chem. Soc. 1981,103, 

3662. (b) Fuku~, H.; Miura, K, Ohta, K.; Tsuji, T. J. Chem. Phys, 1982, 
76. 6169. . -, - - -_ . 

(49) (a) Garbisch, E. W .  J. Am. Chem. Soc. 1964,86,5661. (b) Bdield, 

(60) Barfield, M. J.  Chem. Phys. 1968,48,4463. 
M. J. Chem. Phys. 1964,41,3852. 
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be used as a tool for conformational analysis whenever its 
absolute sign is known. 

Further work is in progress to calculate the energy 
barriers of rotation around all the double bonds of the 
aminodienic system of 2 and 4 in order to promote the 
selective formation of different phosphazenyl-substituted 
heterocyclic systems under the appropriate reaction 
conditions. 

Experimental Section 
Materials and General Methods. The DMAD wed was 

reagent grade and distilled prior to use. The solvents were dried 
and distilled prior to use following standard proceduresS6l 
Compounds 1 and 4 were prepared according to the literature 
methods.4w Column chromatography was performed using 230- 
400-mesh silica gel. Melting points were measured in a BIichi- 
Tottoli apparatus and are uncorrected. Microanalyses were 
performed on a Perkin-Elmer 240 B instrument. Infrared spectra 
were recorded on a FTIR Mattson 3020 spectrophotometer. Maas 
spectre were obtained on a Hewlett-Packard 5987 A. NMR 
spectra were recorded on a Bruker AC300 or AMX400 spec- 
trometer. Details about their configuration and pulse perfor- 
mance have been published elsewhere."a Perdeuteratd solvents 
were used (see text) throughout the study with a sample 
concentration ranging between 0.1 and 0.2 "01. Spectra were 
referred to internal SiMe4 (lH, l8C) or external 85% 
Temperature calibrations were performed according to the 
method of van Geta using a sample of 4 % methanol in CDsOD 
and are considered to be accurate to f l  K. Couplings constants 
are accurate to f0.15 Hz. Standard experimental parameters 
for the acquisition of NOE difference were used62. The proton 
detected heteronuclear 2D correlation e~periments~~J* were 
acquired with 256 time increments and zero filled to give a f i id  
2048 X 1024 data matrix. For the magnetization transfer 
experiment a low power irradiation was applied during 0.7 8, and 
the transfer of magnetization was monitored over a 10-8 time 
range at a temperature of 22 "C. A least-squares fitting was 
carried out, and the repetition time was set to 25 8, which was 
greater than 5T1 of the more slowly relaxing proton, according 
to standard inversion-recovery TI measurements.M 

Theoretical Calculations. Solid-state geonietriea obtained 
by X-ray diffraction for compounds 2a and 2d were used as 
starting points for all other isomers of 2, whoee geometry was 
then derived by simple rotation of 180" around ( 2 1 4 2  and/or 
CW10 bonds. Once the respective family of compounds was 
built, the conformational analysis was carried out for each one 
under the same conditions. Considering the large size of the 
target molecules, an empirical method based on molecular 
mechanics (CHEMX program at the MME level) was applied 
first to calculate the conformer populations for each confiiation. 
The system was allowed to rotate 360" around the bonds C149, 
P1-N1, Pl-Cl, C9-Cl3, and ClOCll in steps of 5". For each 
compomd, the conformer showing the lowest MM energy was 
selected, and in a second step, its geometry was full-optimized 
using a semiempirical procedure (MNDO-PM3, MOPAC pack- 
ages). Final results are summarized in Table 5 and Figures 7 
and 8; all other computed structures are included as supple- 
mentary material. 

Single-Crystal X-ray Data Acquisition and Procesring. 
Relevant crystal and refinement data for compounds 2a and 2d 
are supplied as supplementary material. Mo Ka radiation, 
graphite crystal monochromator, Enraf-Nonius CAD4 single 
crystal diffractometer. Unit cell dimensions were determined 
from the angular settings of 25 reflections. Space group was 
determined from systematic absences; o - 28 scan technique with 
a maximum scan time of 60 s per reflection. Intensity was checked 
throughout data collection by monitoring three stand reflections 

(51) Perrin, D. D.; Amarego, W. L. F. Purification of Lobomtory 
Chemicals, 3rd e& Pergamon Preea: Oxhrd, 1988. 

(62) Barluenga, J.; PBrez-Carlh, R.; G o d e z ,  J.; Joghi J.; L 6 p  
Ortiz, F.; Fustero, S. Bull Soc. Chim. h.. 1992,29,666. 

(63) Van Get, A. L. A n d .  Chem. 1968,40, 2227. 
(54) Martin, M. L.; Delpuech, J. J.; Martin, G. J. Practical NMR 

Spectroscopy; Heyden: London, 1980; p 244. 
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(Z)-Benzoyl-4-cyclohexyl-2,2-diphenyl-3-[ (2)-1,2- 
bi~(methoxycarbonyl)vinyl]-1,5-diaza-2X5-phosphpenta- 
1,bdiene (2c). This compound has been characterized in solution 
from the mixture 2c/2d (see Table 1); C"HazO$; lH NMR 
(400.13 MHz, THF-da) 6 0.7-1.9 (m, lOH), 2.77 (m, lH), 3.57 (8, 
3H), 3.68 (8, 3H), 6.1 (d, lH, 'J~H = 3.4 Hz), 7.35 (8, 2H, NHa), 
7.40-8.40 (m, 15H, Ar); 13C NMR (100.61 MHz, THF-dd 6 27.70, 
28.32,31.62,45.76 (d, 3Jpc = 8.9 Hz), 52.57,53.36,87.58 (d, lJpc 
= 107.9 Hz), 129.25-141.48 (18 CAr + ClO), 144.34 (d, 8.5 
Hz), 166.65 (d, lJpc = 2.1 Hz), 170.89 (d, 4.4 Hz), 171.11 
(d, 3Jpc = 5.0 Hz), 176.43 (d, 'Jpc = 8.1 Hz); 'lP-RMN (121.4 
MHz, CDCb) 6 19.0. 
(E)-l-Benzoyl-4-cyclohexyl-2J-diphenyl-3-[ (Z)-l,B-bis- 

(methoxycarbonyl) vinyl]-1,5-diaza-2X'-phosphapenta-1,3- 
diene (2d) (80%): CasHsaNzOaP; mp 165 OC; IR3455,3351 (NH), 
1738,1719 (W), 1647 (C-O), 1344 (P=N); MS (re1 intensity) 
m/z 570 (M+, 11,511 (261,408 (221,376 (561,201 (97). The NMR 
data were obtained from the mixture 2c/2d in solution: lH NMR 
(400.13 MHz, THF-de) 6 0.7-1.9 (m, lOH), 2.95 (m, lH), 3.59 (8, 
3H), 3.89 (8,3H), 5.80 (8,2H, NHz), 7.06 (d, lH, 'JPH = 2.8 Hz), 
7.40-8.50 (m, 15H, Ar); W-NMR (100.61 MHz, THF-ds) 6 27.91, 
27.98,32.58,44.80 (d, 3Jpc = 5.2 Ha), 52.48,53.60,83.09 (d, lJpc 
= 101.0 Hz), 129.08-142.11 (18 CAr + ClO), 144.06 (d, 2Jpc 7.9 
Hz), 167.14 (d, lJpc = 2.0 Hz), 168.82 (d, 17.7 Hz), 171.29 
(d, 3Jpc 7.9 Hz); "P NMR (121.4 
MHz, CDCl3) 6 20.2. 

5.3 Hz), 176.78 (d, 'Jpc 

(2)-1-(Ethoxycarbony1)-3-[ (Z)-l,2-bis(methoxycarbonyl)- 
vinyl]-2,2-diphenyl-4-(ptolyl)- 1,5-diaza-2h5-phosphapenta- 
1,J-diene (4a) (70%): C&lNzO3; mp 182 "C; IR 3393,3308 
(NH), 1723, 1609 (C=O), 1289 (P=N); MS (re1 intensity) 545 
(2), 499 (5), 487 (18), 441 (100); lH NMR (400.13 MHz, CDCb) 

(2H, NH2), 7.15-7.95 (m, 16H,Arand NH2); 13C NMR (75.5 MHz, 

6 1.26 (t, 3H, 3Jm = 7.2 Hz), 2.34 (8,  3H), 3.09 (8, 3H), 3.42 (8, 

3H), 4.09 (q,2H, 'Jm 7.2 Hz), 5.67 (d, 1H, 'JPH = 2.9 Hz), 6.60 

CDCb) 6 14.72,21.27,51.32,51.74,61.22,85.04 (d, lJpc = 108.4 
Hz), 127.36 (d, 3Jpc = 6.4 Hz), 128.24-132.92 (14 CAr), 134.97 (d, 
3Jpc = 11.6 Hz), 140.08,142.26 (d, Vpc = 9.11 Hz), 162.03,164.51 
(d, 2Jpc = 5.7 Hz), 165.23, 168.20 (d, 3Jpc 4.0 Hz); 31P NMR 
(121.4 MHz, CDC13) 6 22.8. 
(2)- and (E)-l-(Ethoxycarbony1)-2,2-diphenyl-3-[(2)-1,2- 

bis(methoxycarbonyl)vinyl]-4-cyclohexyl-l,5d&za-2X5-phos- 
phapenta-l,3-diene (4b and 4c). Spectroscopic data were 
obtained from the reaction crude (50 % ); CzeHsaNnOP; 'H NMR 
(400.13 MHz, CDCb) 6 1.23 (t, 3H, 3Jm = 8.9 Hz), 0.9-2.0 (m, 
20H), 2.66 (m, lH), 2.81 (m, lH), 4.1 (q, 2H, VHH = 8.9 Hz), 5.04 

6.33 (lH, NH, 4c), 6.47 (lH, d, 'JPH = 2.9 Hz, 4b), 7.30-7.90 (m, 
(2H, NHz, 4b) 5.80 (d, lH, 'JPH = 3.5 Hz, 4 ~ ) ,  6.04 (lH, NH, 4 ~ ) ,  

10H, Ar); '3C NMR (75.5MH2, CDCla) 6 14.37,14.95,24.94,25.58, 
26.12,26.35,30.05,30.90,42.29 (d, 3Jpc = 4.6,4~), 43.37 (d, 3Jpc 

9.2,4b), 51.36,51.51,51.67,53.07,92.38 (d, lJpc = 106.1) 98.35 
(d, 1Jpc = 114.6), 126.22-133.23 (12 CAr), 142.60 (d, 'Jpc = 9.8 
Hz), 143.85 (d, 2Jpc = 9.9 Hz), 161.12, 161.73, 166.31, 166.01, 
168.11,168.97 (d, Vpc = 6.3 Hz), 17250,170.98; 31P NMR (121.4 
MHz, CDCb) 6 19.9 (4c), 23.4 (4b). 

every 60 min. A profiie analysis performed on all reflections.66 
Semiempirical absorption corrections, +-scans based, were ap- 
plied.M Some double-measured reflections were averaged, Rht 
= (M - (Z))/Z. Lorentz and polarization correction applied and 
data reduced to IFd-values. Structure solved by Direct Methods 
using the program SHELXSSGs7 and completed by the phase- 
expansion procedure of DIRDIF." Isotropic least-squares re- 
finement, using SHELX76,m was carried out until convergence. 
Empirical absorption correction was applied.B0 Further refiie- 
menta included anisotropic thermal parameters for all non- 
hydrogen atoms. All hydrogen atoms were isotropically refined 
with a common thermal parameter and riding on their parent 
atoms. Function-minimized W(F, - FJ2, W = l/(u2(F,) + gFO2), 
with u(F,) from counting statistics. 

Atomic scattering factors were from the International Tables 
for X-ray Crystallography." Plots were made with the EUCLID 
program.61 Geometrical calculations were made with PARST.62 
All calculations were made on a MicroVax-3400 at the Scientific 
Computer Center, University of Oviedo. A list of structure 
amplitudes, anisotropic thermal parameters, H-atom parameters, 
distances and angles involving H atoms, distances, angles, and 
least-squares-planes-lines data and torsion angles have been 
deposited at the Cambridge Crystallographic Data Centre.@ 

Reaction of N-Acyl-8-enamino-Xs-phosphazenes (1) and 
(3) with DMAD. DMAD (5 mmol) was added to a solution of 
compound 1 or 3 (5 mmol) in CHzC12, dried, and freshly distilled 
under N,N-diethylaniliie. The mixture was stirred at room 
temperature during 36 h, and then in uacuo solvent evaporation 
afforded a yellow oil, from which compound 2 or 4 was isolated 
by recrystallization in hexane-methylene chloride. 

(Z)-l-Benzoyl-3-[ (Z)-l,2-bis(methoxycarbonyl)vinyl]-2,2- 
aUphenyl-k(pto~l)-l&aiaza-2~~-phosphape (2a) 
(75%): C&1N2O$; mp 168 OC; IR 3318, 3119 (NH), 1724, 
1669 (C-O), 1366 (P=N); MS (re1 intensity) m/z 546 (16), 384 
(32), 103 (10); 1H NMR (300.13 MHz, CDCb) 6 2.38 (s,3H), 3.15 
(8,  3H), 3.46 (e, 3H), 5.74 (d, lH, ~JPH = 2.7 Hz), 7.15-8.40 (m, 
21H, Ar and NH2); 13C NMR (100.61 MHz, THF-ds) 6 21.29, 
51.34 51.81,84,76 (d, Vpc = 101.3 Hz), 126.99 (d, 3Jpc = 6.2 Hz), 
127.67-132.82(21CAr) 134.99 (d, 'Jpc = 11.9 Hz), 138.65 (d, 'Jpc 
= 19.3 Hz), 139.95, 142.54 (d, 2Jpc = 9.1 Hz), 164.71 (d, 2Jpc 
6.7 Hz), 165.23 (d,4Jpc= 1.4Hz), 168.44 (d,Vpc 4.2 Hz), 175.69 
(d, 2Jpc = 8.4 Hz); 3lP NMR (121.4 MHz, CDCb) 6 19.0. 

Column chromatography of the resulting crude after separation 
of compound 2a, using a mixture of ethyl acetate and methanol 
(1:l) as eluent ,(Rf = 0.58), yielded compound 2b (15%). (9- 
l-Benzoyl-3-[ (E) -  1,2-bis(methoxycarbonyl)vinyl]-2,2-di- 
phenyl-k(ptolyl)-1~S-diaza-2~s-phosp~~n~-l~-diene (2b): 
C#HalN2O$; mp 105 OC; IR 3400 (NH), 1719,1617 (C=O), 1555 
(NH), 1375 (P-N); MS (re1 intensity) m/z 578 (M+, <l), 519 (9), 
384 (39), 201 (100); 1H NMR (400.13 MHz, CDCb) 6 2.24 (a, 3H), 
3.41 (8,  3H), 3.61 (e, 3H), 6.31 (d, '&H = 2.4 Hz), 7.05-8.40 (m, 
21H, Ar and NH2); 1% NMR (100.61 MHz, CDCl3) 6 21.8,51.91, 
52.24,82.70(d,'Jpc=Q9.3H~),126.99(d,'Jpc=94.4H~),127.69- 
133.25(21 CAr + ClO), 136.06 (d, Vpc 11.4 Hz), 138.91 (d, 3Jpc 
= 20.3 Hz), 139.58, 142.08 (d, 2Jpc = 8.0 Hz), 162.73 (d, Vpc = 

(d, 2Jpc = 8.2 Hz); 3lP NMR (121.4 MHz, CDCb) 6 13.3. 
5.4H~),165.68(d,4J~=2.1H~),168.03(d,~J~~= 1.6Hz),175.29 
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