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able to obtain virtually complete backbone assignments for the 
156-residue protein, which will be reported elsewhere. 

Major practical problems with 3D spectroscopy are the long 
measuring time needed to get sufficient digitization in the F ,  and 
F2 dimensions of the 3D spectrum and the large size of the 3D 
matrix. W e  have used folding of some of the resonances in both 
the F, and F2 dimensions and employed an unfolding procedure'* 
in the F, dimension (based on shifting the F,  carrier position during 
data processing13) to obtain maximum resolution with a relatively 
small number of t ,  and t 2  increments. The minimum measuring 
time also depends on the number of scans needed for phase cycling 
or each set of t l , t 2  values and on the overhead time needed to write 
the data to disk a t  the end of an acquisition. In principle, replacing 
the first IH 90' pulse by a frequency-selective pulse could reduce 
the minimum measuring time (or increase digi t i~at ion) ,~ but this 
would eliminate informative correlations from the 3D spectrum. 
W e  therefore believe that the heteronuclear 3D experiment dis- 
cussed here is best executed in a nonselective fashion. The sen- 
sitivity of the heteronuclear 3D technique is excellent, and reso- 
nance overlap in the S. Nase 3D spectrum is minimal, despite the 
relatively coarse digitization. The three-dimensional N M R  ex- 
periment reported here should be applicable to proteins signifi- 
cantly larger than S. Nase. 
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The Diels-Alder 4a participation of simple a,P-unsaturated 
imines is rarely observed and typically suffers low conversions, 
competitive imine addition, and/or imine tautomerization pre- 
cluding [4 + 21 cycloaddition.2 Consequently only a limited 
number of 1 -aza-l,3-butadiene structural variations and modified 
or restricted reaction conditions have been introduced that have 
permitted the productive 4a participation of selected a,p-unsat- 
urated imines in [4 + 21 cycloaddition  reaction^.^' In the conduct 
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of synthetic efforts on natural and synthetic quinoline-5,8-quinones 
including streptonigrone,8 we have examined alternative ap- 
proaches to predictably control and accelerate the intermolecular 
4a participation of l-aza-1,3-butadienes in [4 + 21 cycloaddition 
reactions. The complementary N-1 or C-3 substitution of an 
a$-unsaturated imine with an electron-withdrawing substituent 
would be expected to accentuate the electron-deficient nature of 
the l-aza-1,3-butadiene and accelerate its potential [4 + 21 cy- 
cloaddition reaction with electron-rich dienophiles in 
LUMO,i,,,-controlled Diels-Alder reactions? In addition, a bulky, 
electron-withdrawing N-1 l-aza-l,3-butadiene substituent would 
be expected to preferentially decelerate 1,2-imine addition relative 
to [4 + 21 cycloaddition and convey [4 + 21 cycloaddition product 
stability to the reaction conditions while enhancing the elec- 
tron-deficient nature of the diene. Herein we detail a comparative 
study of the 4x participation of NI-substituted a,P-unsaturated 
imines in LUMOdi,,,-controlled Diels-Alder reactions which has 
revealed the general, well-defined 45~ participation of a,P-un- 
saturated N-benzenesulfonyl imines in regio- and endo-specific 
inverse electron demand Diels-Alder reactions suitable for the 
diastereoselective preparation of substituted N-benzenesulfonyl- 
1,2,3,4-tetrahydropyridines. 

Representative results of initial studies employing stable imine 
derivatives of 1 -acetylcyclohexene9 are summarized in eq 1 and 
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equiv of dienophile, temp OC or 
pressure kbar, (lime, h). solvent (1) 

la X = O H  5, 12 kbar (72) CH,CI, 2a no reaction 

lb X = O C H 3  5. 12 kbar (72). CH2C12 2b no reaction 

I C  X =P(O)Ph,  5. 12 kbar(135) .  CH,CI, 2c 75% 

l d  X = S 0 2 P h  5. 12 kbar (87).  CHZC12 26 89% 

79% 5. 1 10° C (48), toluene 

demonstrated that Nkubsti tution of a l-aza-1,3-butadiene with 
an electron-withdrawing substituent facilitates its participation 
in LUMOdi,-controlled Diels-Alder reactions: N-benzenesulfonyl 
imineI0 = N-diphenylphosphinyl imine" >> oxime, 0-methyl 
oxime. The results of a study of the full scope of the Diels-Alder 
4r participation of the a,&unsaturated N-benzenesulfonyl imine 
Id with a range of electron-rich dienophiles are summarized in 
Scheme I. The diene Id, which represents a rigorous test of the 
generality of the 1-aza- 1,3-butadiene Diels-Alder  reaction^,^ 
exhibited excellent thermal reactivity toward ethyl vinyl ether and 
1,l-dimethoxyethylene (110 "C) cleanly providing the [ 4  + 21 
cycloadducts.12 Both the thermal and pressure-promoted [ 4  + 
21 cycloaddition reactions proved to proceed predominately i f  not 
exclusively (L95%)I3 through an endo transition state with the 
apparent full preservation of the dienophile olefin geometry.I4 
Even in instances when the endo [4 + 21 cycloaddition is de- 
celerated by destabilizing steric interactions introduced by an 
additional dienophile cis substituent, the exclusive (4) or pre- 
dominate ( l l b )  formation of the product derived from [ 4  + 21 
cycloaddition through an endo transition state was observed.I5 

(9) The relative increased population of the s-cisoid (s-Z) versus s-transoid 
(+E)  conformation of acyclic l-aza-1,3-butadienes has been related to the 
observed, but not general, HOMO~~,,,-controlled [4 + 21 cycloaddition re- 
actions of the nontautomerizable N,N-dimethylhydrazone of methacr~lein.~ 
The selection of stable imine derivatives of 1-acetylcyclohexene for study 
represents a rigorous test l-aza-1,3-butadiene system (1) capable of imine 
tautomerization, (2) which possesses no selected (s-2)- versus (s-E)-diene 
conformational bias, (3) which presents substantial diene-dienophile steric 
interactions in the developing [4 + 21 transition state (N-1, C-2, C-3, and C-4 
diene substituents), and (4) which suffers from the introduction of A%train 
accompanying the [4 + 21 cycloaddition. This latter effect generally conveys 
a preference for 1,2- versus 1,4-addition to such systems. 
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Trans. 2 1978, 822. 

( 1  1) Kruglyak, Y .  L.; Leibovskaya, G. A.; Sretenskaya, J. I.; Sheluckenko, 
V. V.; Martynov, I .  V. Zh. Obshch. Khim. 1968, 38,943. Krzyzanowska, B.; 
Stec, W. J. Synthesis 1978, 521; 1982, 270. 

(12) The [4 + 21 cycloaddition products 2-13 were purified by chroma- 
tography on Florisil and have proven somewhat unstable to silica gel. The 
cycloadducts 5-7 are not completely stable to this method of purification, and 
14 proved unstable to chromatography on Florisil. To date we have not 
detected epimerization of the cycloadduct C-2 center resulting from the 
conditions of purification, and the products have proven configurationally 
stable. 

(1  3) A single-crystal X-ray structure determination of 9 unambiguously 
established the C-2/C-4 cis relative stereochemistry which must arise through 
endo [4 + 21 cycloaddition. Full details of the X-ray structure determination 
are provided as Supplementary Material and includes an ORTEP representation 
of the structure which illustrates the C-2/C-4 relative stereochemistry, the 
axial orientation of C-2 OEt, the pseudo axial orientation of C-4 phenyl, and 
the near planar NI-nitrogen which lies approximately 0.21 .& above the plane 
of the attached substituents syn to the C-2 OEt. The conformation of the 
X-ray crystal structure 9 was consistent with the spectroscopically ('H NMR) 
assigned structures and stereochemistry ( J H 2  H3ar 5 2-25 Hz, J H Z - H ~ ~  5 

J2,3ai = 2.3 Hz, J2,3q = 4 Hz, J3ar.4 = 8.6 Hz, J3q,4 = 4 Hz, ' J c ~ , H ~  = 163 
Hz. 

(14) The all-cis stereochemistry for llb and the axial C-2 OEt orientation 
was established spectroscopically: J23ar = 2.3 Hz; J j a l ~  = 7.7 Hz; ' J c ~ . H ~  
= 166 Hz. The predominate (llb) and exclusive (4)'formation of the CIS 
cycloadducts derived from an endo transition state for the [4 + 21 cyclo- 
addition with preservation of the olefin geometry is characteristic of but does 
not require a concerted Diels-Alder reaction. The minor diastereomer ac- 
companying llb proved to be the cycloadduct derived from exo [4 + 21 
cycloaddition. 
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The initial results of a study of the extension of these obser- 
vations to the [4  + 21 cycloaddition reaction of ethyl vinyl ether 
with a full range of N-benzenesulfonyl l-aza-l,3-butadienes are 
summarized in Scheme 11. The N-benzenesulfonyl imines were 
found to be readily accessible through the clean, homolytic re- 
arrangement of in situ generated oxime O-phenylsulfinyl'o com- 
pounds or through the direct condensation of benzenesulfonamide 
with selected a,P-unsaturated a1deh~des.I~ The thermal- or 
pressure-promoted [4 + 21 cycloadditions of l e j  proved to proceed 
predominantly if not exclusively (195%)13 through an endo 
transition state, N-benzenesulfonyl aldimines (R' = H )  proved 
more reactive than N-benzenesulfonyl ketimines (R' = C H 3  > 
R1 = CsH,), and the complementary addition of C-3 electron- 
withdrawing substituent (R2 = C 0 2 R  >> R2 = H) substantially 
further accelerated the N-benzenesulfonyl l-aza-1,3-butadiene 
participation in the Diels-Alder reaction. Thus, the reaction of 
NI-benzenesulfonyl imine l j  possessing the additional C-3 elec- 
tron-withdrawing substituent was found to react with 1,l-di- 
methoxyethylene within 5 min at 25 O C  to provide the Diels-Alder 
adduct 14 (79%). In addition, even the a,P-unsaturated NI- 
benzenesulfonyl imines which preferentially exist in the extended 

(15) (a) Jennings, W. B.; Lovely, C .  J. Tetrahedron Lett. 1988, 29, 3725. 
(b) Vishwakarma, L. C.; Stringer, 0. D.; Davis, F. A. Org. Synth. 1987,66, 
203. (c) Melnick, M. J.; Freyer, A. J.; Weinreb, S .  M. Tetrahedron Lett. 
1988, 29, 3891. 
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(s-E)-diene conformation; e.g., l h ,  were found to participate 
readily in the LUMOdiene-controlled Diels-Alder reactions9 The 
stereochemistry of the [4 + 21 cycloaddition reaction products 
was established by spectroscopic techniques and was unambigu- 
ously confirmed with the single-crystal X-ray structure deter- 
mination of adduct 9.I3J4 

Studies of full scope of the inter- and intramolecular [4 + 21 
cycloaddition reactions of a,@-unsaturated N-benzenesulfonyl 
imines as well as their applications are  in progress and will be 
reported in due course. 

Acknowledgment. This work was assisted through the financial 
support of the National Institutes of Health (CA 42056) and the 
Alfred P. Sloan Foundation. We thank Professor S. M. Weinreb 
for helpful discussions and Dr. P. Fanwick of the Purdue University 
X-ray Crystallography facility for the prompt experimental 
treatment of the X-ray structure determination of 9. 

Supplementary Material Available: General experimental 
procedures and full spectroscopic and physical characterization 
of la-j, 2c-d, 3-14 and full details of the X-ray structure de- 
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Theoretical investigations suggest a small energy advantage for 
the oxaphosphetane 1 vs 2 (hypothetical gas-phase species),' but 
the choice of 1 over 2 as the favored Wittig intermediate in 
solution has not been proved and is based on 'H N M R  chemical 
shifts and solid-state a n a l ~ g i e s . ~ ~ ~  The structures of unusually 
stable pseudorotamers 3,3', 4,4', and related compounds were 
likewise assigned by a n a l ~ g y . ~ - ~  W e  now report I3C N M R  
evidence that 1 is indeed the favored solution species, together 
with the kinetics of pseudorotamer interconversion. 

The N M R  spectra of oxaphosphetanes 5,5' (from Ph2MeP= 
C H 2  + 3-pentanone; 'H N M R ,  toluene-d8: ring CH,, 6 3.56, d, 
IJ = 16.4 Hz; CH3P, 6 1.91, d, ' J  = 13.7 Hz), 8a,' or the 
analogous 8b (13C spectra; Table I) a t  -83 "C or above showed 
only one set of signals, indicating either a single pseudorotamer 
or rapid interconversion. However, the 'H spectrum of di- 
benzophosphole (DBP) analogue 9,9' (from (Me)DBP=CH2 + 
3-pentanone, -53 "C) contained two signals for the ring methylene 
protons (IH N M R ,  CD2C12; ring CH2,  6 3.92, d, IJ = 16.5 Hz; 

( I )  (a) Holler, R.; Lischka, H. J .  Am. Chem. SOC. 1980,102,4632. (b) 
Bestmann, H. J.; Chandrasekhar, J.; Downey, W. G.; Schleyer, P. von R. J .  
Chem. SOC. ,  Chem. Commun. 1980, 978. (c) Volatron, F.; Eisenstein, 0. J .  
Am.  Chem. Soc. 1987, 109, I .  

(2) (a) Vedejs, E.; Snoble, K. A. J. J .  Am.  Chem. Soc. 1973, 95,5778. (b) 
Vedejs, E.; Meier, G. P.; Snoble, K. A. J. J .  Am.  Chem. SOC. 1981, 103, 2823. 

(3) (a) U1-Haque, M.; Caughlan, C. N.; Ramirez, F.; Pilot, J. F.; Smith, 
C. P. J .  Am. Chem. SOC. 1971, 93, 5229. (b) Bestmann, H. J.; Roth, K.; 
Wilhelm, E.; Bohme, R.; Burzlaff, H. Angew. Chem., Int. Ed. Engl. 1979,18, 
876. 

(4) Ramirez, F.; Pfohl, S.; Tsolis, E. A,; Pilot, J. F.; Smith, C. P.; Ugi, I.; 
Marquarding, D.; Gillespie, P.; Hoffmann, P. Phosphorus 1971, I ,  I .  

(5) (a) Gibson, J. A.; Roschenthaler, G. 2. Naturforsch. E 1977, 32, 599. 
Allworden, U.; Tseggai, I.; Roschenthaler, G.-V. Phos. Sulfur 1984,21, 177. 
(b) Kolodyazhnyi, 0. I .  J .  Gen. Chem. USSR 1986, 56, 246. 

(6) 3 and 3' decompose at 120 'C without interconversion. 4 and 4' 
pseudorotate rapidly at 20 OC because one oxygen can always occupy an apical 
site; see: Ramirez, F.; Ugi, I .  Adu. Phys. Org. Chem. 1971, 9, 25; and ref 5a. 

(7) Vedejs, E.; Marth, C. F. J .  Am. Chem. SOC. 1988, 110, 3948. 
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Table I. "C NMR Data for Oxaphosphetanes 5, 8, and 9 
chemical shifts (coupling) 

carbon 8a" 8b" 9 b  5 c  

133.8 ppm 134.3 ppm 148.8 ppm 
(125.0 Hz)  (132.3 Hz) (70.5 Hz) 

54.3 ppm 61.2 ppm 54.5 ppm 60.3 ppm 
(87.4 Hz)  (85.6 Hz) (82.2 Hz)  (83.0 Hz) 

I? 28.3 ppm 29.6 ppm 21.9 ppm 24.4 ppm 
(98.1 Hz) (99.0 Hz) (98.1 Hz) (96.4 Hz) c . . . T y  

r7 
"Spectrum a t  -30 O C ,  deuterated toluene. bSpectrum at -53 OC, 

CD2C12. 'Spectrum a t  -53 O C ,  deuterated toluene. 

6 2.81, d, ' J  = 15.5 Hz; CH3P, 6 1.72, d, lJ = 14.1 Hz)  and 
coalescence was observed near room temperature. Line shape 
analysis6 (five points from -3 to +40 "C) gave the free energy 
AC*pSDRTN = 13.1 kcal/mol, but the fast exchange limit could 
not be reached due to competing Wittig decomposition to alkene 
and phosphine oxide, ActDEC = 25 kcal/mol (43-55 OC, moni- 
tored by NMR) .  

The detailed structure of oxaphosphetane 9,9' (-53 "C, slow 
exchange) is defined by the 13C spectrum. Three quaternary 
aromatic (DBP) carbons (6 152.7, d, J = 12 Hz; 143.1, d, J = 
18 Hz; 135.9, d, J = 14 Hz)  cannot be assigned with certainty, 
but a fourth signal a t  6 134.3 ppm is unique because of the large 
13C-31P coupling ( ' J  = 132 Hz), characteristic of an equatorial 
sp2 carbon in the trigonal b i ~ y r a m i d . ~  Equally informative is 
the 13C-31P coupling constant of lJpx = 82 Hz for the ring C-3 
signal (6 54.5). The J value is consistent with 9 or 9', but not 
with the equatorial oxygen isomer 10 where apical C-3 should 
have lJp-c < 20 H z . ~  

The characteristic 13C-31P coupling constants 9,9' can be used 
to evaluate the geometry of unconstrained oxaphosphetanes. For 
example, the averaged I3C N M R  spectrum of pseudorotamers 5,5' 
has nearly the same IJPq = 83 Hz for C3 as in 9,9' (82 Hz), 
indicating that the population of 7 is negligible.'O The quaternary 
aryl C-P coupling of 70.5 H z  is close to the mean estimated if 
5/5' are dominant relative to 6 a t  equilibrium (0.5['J = ca. 

spectra of 8a and 8b (Table I) correspond to dominant pseudo- 
rotamers having apical oxygen and the DBP unit spanning api- 
cal-equatorial sites. These results confirm the conventional ox- 
aphosphetane representations 1, 5, 9, etc. as orginally assumed 
for typical Wittig intermediates.2 

Pseudorotation rates (kpSDRTN = 5.6 x io3 sec-l)ll and de- 
composition rates kDEC = 7.3 x s-l) for 9 a t  43 "C differ by 
a factor of ca. lo8 and the corresponding free energies of activation 
differ by 11.5 kcal/mol. Only the minimum pseudorotation rate 
of 5 can be estimated (ICpSDRTN 1 3 X lo3 s-I at -83 "C) since 
the coalescence temperature could not be reached, but the acti- 
vation barrier for alkene formation AGtDEc is again greater than 
ca. 10 kcal/mol above the pseudorotation barrier. Therefore, 
pseudorotation does not control the rate of the Wittig decompo- 
sition step. 

132 Hz + 'Japical = ca. 15 Hz] = 74 Hz). Similarily, the YUa' I C N M R  

(8) (a) Stephenson, D. S.; Binsch, G. J .  Magn. Reson. 1978, 32, 145. (b) 
DNMRS program: Stephenson, D. S.; Binsch, G. Quantum Chemistry Program 
Exchange 1978, 11, 365 .  

(9) Kay, P. B.; Trippett, S. J .  Chem. Research (S) 1986, 62. 
(10) JPx = 84-85 Hz is reported for adducts of Ph,F'='3CHC3H7 + 

PhCHO: Maryanoff, B. E.; Reitz, A. B.; Mutter, M. S.; Inners, R. R.; 
Almond, H. R., Jr.; Whittle, R. R.; Olofson, R. A. J .  Am.  Chem. SOC. 1986, 
108, 7664. 

( 1  1)  Similar pseudorotation rates are observed for other DBP-containing 
phosphoranes, precedents that guided our selection of 8 and 9 for study: 
Hellwinkel, D.; Lindner, W.; Schmidt, W. Chem. Ber. 1979, 112, 281, and 
earlier references therein. Whitesides, G. M.; Eisenhut, M.; Bunting, W. M. 
J .  Am. Chem. SOC. 1974, 96, 5398. 
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