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Table I. NMR Viscosity Determination Chart I 

sample 

EG" 
EG/D20 

(80:20 v/v) 
EG/CHjCN 

(80:20v:v) 
Carbowax 600/ 

Me2SO 
(20% w/w) 

T, °C 

23 
23.5-23.8 

23.0 ± 0.5» 

34.0 ± 0.5» 

FQ, Hz 

32.62 ± 0.2 
17.55 ± 0.26 

11.21 ± 0.25 

15.23 ± 0.25 
15.27 ±0.25 

"NMR/ cSt 

14.85 
7.98 

5.10 

6.93 
6.95 

xubb/ cSt 

14.57 ± 0.09 
7.84 ±0.10 

5.16 ±0.01 

6.94 ± 0.12 

X " 
\ ,Rz J 

nitrosoalkene 

Scheme I 

T Ii 
\._X. J 

vinyl nitrosonium 
cation 

\__.Rf_ y 

nitroalkene 

0EG = ethylene glycol. 'Actual temperature calculated with a C-13 
thermometer insert (acetone-rf6/CCl4; 1:1 v/v). Led, J. L.; Petersen, S. G. 
J. Magn. Reson. 1978, 32, 1. CKNMR = £=/219.7 (Stokes) for 5-mm o.d./ 
NMR tube inside 10-mm tube, a = 0.247 65 cm, b = 0.450 85 cm, q = 
0.5493, Tc = 5614.5. ''Viscosity measured with Ubbelohde viscometer. 

where k is an arbitrary constant. The intercept of this linear plot 
gives Fc. Substitution of Fc into eq 2 gives the kinematic viscosity 
of the liquid. The results obtained for several test liquids are shown 
in Table I. Viscosities determined by using a conventional Ub­
belohde viscometer and the NMR values agree within 2%. The 
experiment is independent of the choice of nucleus. Both ho-
monuclear and heteronuclear measurements are feasible provided 
peak separation is larger than the gradient width. Individual 
components in a mixture give the same viscosity as the fluid flow 
is governed by the bulk viscosity (cf. Carbowax 600/Me2SO 
mixture). 

An implication of the current work is that an NMR image of 
coherent linear flow should be detectable in a rotating magnetic 
field. 

Acknowledgment. The generous financial support of Eli Lilly 
& Co. is gratefully acknowledged. M. Vera was supported by 
a Committee on Institutional Cooperation (CIC) Minority fel­
lowship. The continued instrumental expertise of Dr. R. Santini 
is gratefully acknowledged. 

Supplementary Material Available: NMR image of TVF in 
ethylene glycol as a function of axial field gradient strength and 
a table of a, b, d, q, T, FQ/v, and v values (3 pages). Ordering 
information is given on any current masthead page. 

Intramolecular [4 + 2] Cycloadditions of Nitroalkenes 
with 01efinst 

Scott E. Denmark,*12 Michael S. Dappen,lb and 
Christopher J. Cramerlc 

Roger Adams Laboratory, School of Chemical Sciences 
University of Illinois, Urbana, Illinois 61801 

Received October 1, 1985 

As part of a program aimed at the development of general 
methods of construction of polycyclic ring systems, we have been 
investigating the intramolecular cycloadditions of various hete-
rodienes with olefins.2 Our efforts have focused on the N = O 
family of heterodienes shown in Chart I. We have recently 
reported successful cycloadditions with nitrosoalkenes3'4 and 

f Dedicated to Professor Dr. Albert Eschenmoser on the occasion of his 60th 
birthday. 

(1) (a) Fellow of the Alfred P. Sloan Foundation (1985-1987), NSF 
Presidential Young Investigator (1985-1990). (b) Taken in part from: 
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(2) For reviews of heterodiene [4 + 2] cycloadditions, see: (a) Desimoni, 
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1- NO2 

k 
1 R CH.N0_, / KF 

2 DCC /CuCI 

F T - R 

H 1 

yield, % 

(E)-I, R1 = CH3; R2 = H (E,E)-2, R1 = CH3; R2 = R3 = H 79 

(Z)-I, R1 = H; R2 = CH3 (£,Z)-2, R1 = R3 = H; R2 = CH3 96 
(EJE)-X R1 = R3 = CH3; R2 = H3 89 

(Z,£)-3, R' = R3 = CH3; R2 = H 

Scheme II 

6 

59% 85% 

Table I. Cycloadditions of Nitroalkenes 2 and 3°-

SnCl4 /solvent 

temp / time 

4, R3 = H 
5, R3 = CH3 

substrate 

(£,£)-2 
(EJl)-I 
(E,E)-ld 

(Z,E)-Xf 

solvent 

CH2Cl2 

CH2Cl2 

toluene 
toluene 

temp, 

-70 
-70 
- 2 9 -
-78 

0C 

» 0 

time, h 

2.25 
2.25 
3 
7 

trans 

52 
75 

>98 
<2 

cis 

48 
25 
<2 

>98 

yield,c 

59 
68 
80s 

63 

% 

"Nitroalkene was 0.04 M and 1.0-1.6 equiv of SnCl4 were used. 
Best yields were obtained with fresh nitroalkene. »Cis/trans product 
ratios were determined by 1H NMR and GC as described in the text 
for 4 and 5. 'Yields for isolated, purified nitronates. *>98% £ by 1H 
NMR. " 11% of i was isolated in this run. ^>98% Z by 'H NMR. 

Figure 1. ORTEP plot of double cycloadduct (35% probability). 

vinylnitrosonium cations.4b In this paper we wish to report that 
nitroalkenes also serve admirably as 4tr components in highly 
stereoselective cycloadditions with unactivated alkenes.5 

(4) (a) Denmark, S. E.; Dappen, M. S.; Sternberg, J. A. "Abstracts of 
Papers", 187th American Chemical Society Meeting, St. Louis, MO, April 
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The substrates for this study were prepared by modified Henry 
reaction6 of nitromethane or nitroethane with the appropriate 
aldehyde (£)-l7,8 or (Z)-I79 (Scheme I). The labile nitro aldols 
were dehydrated according to Seebach11 to afford the nitroalkenes 
in good overall yields. The disubstituted nitroalkenes 2 (R3 = 
H)7 were formed exclusively in the E configuration while the 
trisubstituted nitroalkenes 3 (R3 = CH3)

7 were produced as an 
EjZ mixture of variable composition, generally ca. 60:40 EjZ. 
The isomers were separated by MPLC12 for mechanistic exper­
iments. However, on a preparative scale, we developed a simple 
method to isomerize the mixture to (E,E)-2> (>98% E,E, 91% 
recovery)13 using TMEDA.14 

The results of cyclization reactions are collected in Table I. 
Survey experiments with (E,E)-2 identified SnCl4 as the optimal 
catalyst.15 Extensive optimization was done only for (E,E)-3 
(entry 3), where a byproduct was observed in minor amounts.16 

(5) The reactions of nitroalkenes with electron-rich olefins have been 
studied in detail. However, it is likely that these reactions are mechanistically 
distinct involving Michael additions to form betaines followed by collapse to 
formal [4 + 2] adducts. See discussion in ref 5f,g. Enamines: (a) Colonna, 
F. P.; Valentin, E.; Pitacco, G.; Risaliti, A. Tetrahedron 1973, 29, 3011. (b) 
Valentin, E.; Pitacco, G.; Risaliti, A. Ibid. 1974, 30, 2471. (c) Calligaris, M.; 
Manzini, G.; Pitacco, G.; Valentin, E. Ibid. 1975, 31, 1501. (d) Daneo, S.; 
Pitacco, G.; Risaliti, A.; Valentin, E. Ibid. 1982, 38, 1499. (e) Barbarella, 
A.; Pitacco, G.; Russo, C; Valentin, E. Tetrahedron Lett. 1983, 1621. (f) 
Seebach, D.; Golinski, J. HeIv. Chim. Acta 1981, 64, 1413. (g) Seebach, D.; 
Beck, A. K.; Golinski, J.; Hay, J. N.; Laube, T. Ibid. 1985, 68, 162. (h) 
Blarer, S.; Seebach, D. Chem. Ber. 1983, 116, 2086. Silyl end ethers: (i) 
Miyashita, M.; Kumazawa, T.; Yoshikoshi, A. / . Am. Chem. Soc. 1976, 98, 
4679. (j) Miyashita, M.; Yanami, T.; Kumazawa, T.; Yoshikoshi, A. Ibid. 
1984, 106, 2149. (k) Seebach, D.; Brook, M. A. HeIv. Chim. Acta 1985, 68, 
319. Silyl ketene acetals: (1) Miyashita, M.; Kumazawa, T.; Yoshikoshi, A. 
Chem. Lett. 1980, 1043. Enolates: (m) Haner, R.; Laube, T.; Seebach, D. 
Chimia 1984, 38, 255. Allylsilanes: (n) Ochiai, M.; Arimoto, M.; Fujita, E. 
Tetrahedron Lett. 1981, 1115. 

(6) (a) Wollenberg, R. H.; Miller, S. J. Tetrahedron Lett. 1978, 3219. (b) 
Pakenden, H. G.; von Schickh, O.; Segnitz, A. In "Houben-Weyl: Methoden 
der Organischen Chemie"; Mueller, E., Ed.; Georg Theime Verlag: Stuttgart, 
1971; Band 10/1, p 250. 

(7) All new compounds have been characterized by 'H NMR (200 or 360 
MHz), IR, mass spectroscopy, and combustion analysis (±0.4%). 

(8) (£)-l was prepared in seven steps from 3-buten-2-ol in 29% overall 
yield. The olefin was >96% E by GC analysis (5% TCEP, 12 ft X 1/8 in.). 

CH3C(OEt)3 

1. L iA tH 4 

2. MtCtZEI3N 
(f)-l 

The yields given are for isolated, purified nitronates, although, 
in the case of 4, better yields were obtained by the direct trans­
formations described below. Both 4 and 5 were surprisingly 
stable.17 The facility of these reactions is noteworthy in light 
of related intermolecular reactions of silyl enol ethers reported 
recently.5Ht 

To evaluate the stereoselectivity of the cycloaddition it proved 
expedient to transform the crude nitronate mixture 4 to the known 
lactones 718 by the procedure outlined in Scheme II. Trans­
formation of 4 to 6 presumably involves fragmentation to a nitrile 
oxide followed by immediate collapse.19 A combination of 1H 
NMR and capillary GC analysis of the lactone mixtures allowed 
the following conclusions: (1) the olefin geometry in 2 is preserved 
for both E and Z isomers and (2) the folding of the side chain 
exo (to trans) or endo (to cis) is unselective (1:1) for (E,E)-I (entry 
1) and moderately selective (3:1) for (2s,Z)-2 (entry 2). However, 
we were delighted to discover that both trisubstituted nitroalkenes 
(E,E)-3 and (Z,E)-3 cyclized completely stereoselective^ by 
exclusive exo folding of the side chain to produce trans-51 and 
cis-5,1 respectively.21 Thus, the reactions are completely ste-
reochemically coupled, if not concerted, and allow for the pro­
duction of any of the four possible diastereomeric nitronates by 
appropriate selection of double-bond geometries. This stands in 
contrast to the intermolecular reactions of nitroolefins with en-
amines which are independent of olefin geometry.5g 

In exploring the synthetic potential for nitronates 4 and 5 we 
have investigated their behavior as dipoles in [3 + 2] cyclo­
additions.22 Treatment of nitronates 4 and 5 with methyl and 
4-bromophenyl acrylate produced cycloadducts7 in good overall 
yields (66-86%). The full stereostructure of the double cyclo­
adducts23 was assured by an X-ray crystal-structure determina­
tion24-25 (Figure 1). The preference for exo orientation of the 
ester group has been established in these reactions by Tarta-
kovskii26 and Carrie.27 Further, the high selectivity of a-face 
attack by the acrylate can be interpreted in terms of the kinetic 
anomeric effect.27b'28 

Further studies are under way on allylic stereodynamics of the 
side chain, double-intramolecular cycloadditions, and synthetic 
transformations of 4 and 5. 
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(9) (Z)-I was prepared in five steps from cyclohexene in 27% overall yield. 
The olefin was 87:13 ZjE by GC analysis (5% TCEP, 12 ft X 1/8 in.). 
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1. 03 /CH3OH 
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4 . L iAtH4 

5. C r O 3 - 2 p y 
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