
774 J. Am. Chem. Soc. 1992, 114, 114-176 

Table I. Six Membered Ring Forming Palladium-Catalyzed 
Carbocyclizations of Simple Tetraene Substrates" 

Substrate Product 

11a (R 
11b (R 

CH2R 

'CH2 

: H; E = CO2Et) 
= C2H5 ; E » CO2Et) 

S A 

12a (R = 
12b (R = 

CH5 

H; E = CO2Et) 
C2H5; E - CO2Et) 

A r S O 2 N - ^ ^ ^ N J S ^ C H j R ArSO2N 

13a (R « H; Ar - P-MeC6H4) 
13b (R = C2H5; Ar= P-MeC6H4) 

14a (R = H; Ar = P-MeC6H4) 
14b (R = C2H5 ; Ar = P-MeC6H4) 

Yield 

9 0 % 
8 4 % 

72% 
86% 

diastereoselectivity, and the cyclized product contains functionality 
that should prove useful for further synthetic transformations. 

Acknowledgment. Financial support for these investigations 
from the National Institutes of Health (GM34927) is gratefully 
acknowledged. We thank Ms. Diana Wang and Ms. Xiaoping 
Gong for some experimental assistance in parts of this study and 
Dr. Richard Shoemaker for help in performing high-field NMR 
experiments to assign stereochemistry. High-resolution mass 
spectral analyses were performed by the Midwest Center for Mass 
Spectrometry, an NSF Regional Instrumentation Facility (Grant 
No. 8620177). Funding for the 500-MHz NMR spectrometer 
was obtained from the NIH (SIG 1-S10-RR06301). 

Supplementary Material Available: An experimental procedure 
for the palladium-catalyzed tetraene cyclization and character
ization data for compounds 5a,b, 7a,b, 12a,b, 14a,b, and 18a,b 
(8 pages). Ordering information is given on any current masthead 
page. 

r ^ \ ^ \ ^ 

'CH1, 

15 (X = OTBDMS) 
17(X = OH) 

16a/b (X = OTBDMS) 
18a/b (X = OH) 

6 2 % 
7 6 % 

"All reactions are carried out with approximately 1 mmol of sub
strate, 0.05 mmol of Pd(OAc)2, 0.10-0.15 mmol of Ph3P, and 5 mmol 
of triethylamine in 10 mL of refluxing THF unless otherwise noted. 
The reaction progress is monitored by TLC. 

assignment of the hydroxyl stereochemistry for 7a,b is made on 
the following basis. Hydrogenation of a mixture of 7a and 7b 
(1 a tm of H 2 / E t O H / 5 % Rh on A l 2 0 3 / 2 4 h) gives the corre
sponding mixture of 8a and 8b. P C C oxidation affords predom
inantly cyclopentanone 9 ( > 9 5 % trans). Base-catalyzed equili
bration of 9 with its less favorable cis isomer 10 confirms the trans 
assignment of 7a,b and, by analogy, 5a,b. Reduction of 9 (Li-
(•sec-Bu) 3BH/THF/-78 0 C ) re-forms 8b, enabling assignment 
of the stereochemistry shown in 7b to the minor isomer formed 
in the palladium-catalyzed cyclization of 6. 

»1 X2 

palladium 

catalysis 

7a (X1 = OH, X2 = H) 

b (X1 = H, X 2 = OH) 

X2 

,C4H, 

"C 3 H 7 

,C4H0 

'"C3H7 
NaOMe /MeOH 

...C4H0 

'C3H7 

8a-b 10 

The results of several six membered ring forming cyclizations 
are summarized in Table I. Simple functionalized cyclohexanes 
(12a,b) and iV-sulfonylpiperidines (14a,b) are generally formed 
in good yield (72-90%) and high isomeric purity (>95%). Silyl 
ether 15 is an exception. It reacts relatively slowly in refluxing 
THF/Et3N and affords an unfavorable mixture (1.7:1) of the 
diastereomeric products 16a:16b (62% yield). The corresponding 
alcohol 17 is both more reactive and more selective, affording a 
5:1 ratio of diastereomeric alcohols 18a,b (76%), with the all-
equatorial isomer 18a predominating. 

In summary, the palladium-catalyzed reaction of tetraene 
substrates provides a promising new cyclization strategy in the 
case of substrates in which one of the 1,3-diene subunits is ap
propriately 1,4-disubstituted. Cyclization proceeds with high 
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Tricyclo[3.3.0.037]oct-l(5)-ene (1) is the consummate member 
of the homologous series1 of pyramidalized olefins,2 which one 
of our groups has been studying. The hydrogenation energy of 
1 is calculated to be greater than that of the unbridged alkene, 
bicyclo[3.3.0]oct-l(5)-ene, by fully 70.6 kcal/mol,3'4 and to exceed 
even those of cubene3"5 and homocub-4(5)-ene4'6 by, respectively, 
11.9 and 5.1 kcal/mol. The very high olefin strain energy3,7 (70.6 
kcal/mol) computed for 1 is due largely to the weakness of the 
highly pyramidalized V bond in this olefin, which is calculated 
to have a dissociation energy of only 13.3 kcal/mol.8 This bond 
dissociation energy (BDE) is 52.9 kcal/mol less than the calculated 
T BDE of bicyclo[3.3.0]oct-l(5)-ene, 9.7 kcal/mol less than the 
"ir" BDE of cubene, and 4.6 kcal/mol less than that of homo-
cub-4(5)-ene.8,10 The calculated energy difference between the 

(1) (a) Synthesis of homologue with n = 1: Renzoni, G. E.; Yin, T.-K.; 
Borden, W. T. J. Am. Chem. Soc. 1986,108, 7121. (b) For n = 2: Yin, T.-K.; 
Miyake, F.; Renzoni, G. E.; Borden, W. T.; Radziszewski, J. G.; Michl, J. J. 
Am. Chem. Soc. 1986,108, 3544. Radziszewski, J. G.; Michl, J.; Yin, T.-K.; 
Renzoni, G. E.; Borden, W. T. / . Am. Chem. Soc. 1987, 109, 820. (c) Se 
derivative of homologue with n = 3: Hrovat, D. A.; Miyake, F.; Trammell, 
G.; Gilbert, K. E.; Mitchell, J.; Clardy, J.; Borden, W, T. J. Am. Chem. Soc. 
1987, 109, 5524. 

(2) Review: Borden, W. T. Chem. Rev. 1989, 89, 1095. 
(3) Hrovat, D. A.; Borden, W. T. J. Am. Chem. Soc. 1988, 110, 4710. 
(4) Computed at the (TC)SCF/6-31G*//(TC)SCF/3-21G level, using 

SCF for alkanes and two-configuration SCF (TCSCF) for alkenes. 
(5) Synthesis: Eaton, P. E.; Maggini, M. / . Am. Chem. Soc. 1988, UO, 

7230. 
(6) Synthesis: Hrovat, D. A.; Borden, W. T. J. Am. Chem. Soc. 1988,110, 

7229. Schafer, J.; Szeimies, G. Tetrahedron Lett. 1988, 29, 5253. 
(7) Maier, W. F.; Schleyer, P. von R. J. Am. Chem. Soc. 1981,103, 1891. 
(8) Calculated,4'9 using the definition proposed by Benson (Benson, S. W. 

J. Chem. Educ. 1965, 42, 502), as the negative of the radical disproportion-
ation energy, 2alkene-H* -» alkene + alkane. 

(9) Energies of doublet and triplet states were calculated at the ROHF/ 
6-31G*//UHF/3-21G level. 
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singlet4 and the lowest triplet state9 of 1 is only 14.8 kcal/mol. 
This energy separation is 11.3 kcal/mol smaller than that com
puted for cubcne"b and just 4,5 kcal/mol larger than that cal
culated1 l a b for l,4-dehydrocubane."a-c 

(CJH2),, 

l . n = 0 2. X-Y = 

3,X = Y = CO2CH3 

4,X = Y = Br 

5, X = Y = I 

6 .X = Y = H 

7,X = (CH3)3C. Y = H 

Alkene 2 may be regarded as a bis(ethano) derivative of 1. Not 
surprisingly, therefore, calculations using the AMI semiempirical 
method12 predict very similar geometries for the double bonds in 
1 and 2 and heats of hydrogenation that differ by only 1 kcal/ 
mol." The ease of preparing diester 3 by a domino Diels-Alder 
reaction,14 followed by catalytic hydrogenation of the pair of double 
bonds in the adduct,'4b and the known conversion of 3 into di-
bromide 4 by hydrolysis and a double Hunsdiecker reaction on 
the diacidl4b make 2 a potentially more easily accessible synthetic 
target than 1. Moreover, in addition to being a potentially readily 
preparable derivative of 1, 2 can be regarded as a dehydro de
rivative of •syn-scsquinorbornene,'5'' in which the additional C-C 
bond in 2 enforces pyramidalization in the opposite sense to that 
found in the latter hydrocarbon.2-'sb J In this communication we 
report the synthesis and chemical trapping of 2. 

Treatment of either dibromide 4l4b or diiodide 516-17 with excess 

(10) The more strained of lhe two isomers of prismene. in which the double 
bond is contained in two of the four-membcred rings, is calculated to have a 
hydrogenation energy that is 6.3 kcal/mol higher than that of 1. but a - BDE 
and a singlet-triplet splitting that differ insignificantly from those computed 
for I. The less strained prismene isomer is calculated to have a ir BDE that 
is 10.4 kcal/mol higher and a singlet-triplet splitting that is 11.5 kcal/mol 
larger than the more strained isomer. These highly pyramidalizcd alkcncs arc 
as yet unknown, but Szeimies and co-workers have succeeded in generating 
two quadricyclene isomers,' which may be regarded as homologues of the two 
prismenes: Harnisch. J.; Baumgartcl. O ; Szeimies. G.: Van Mecrssche. M.; 
Germain. G.; Declerq. J -P . J. Am. Chem. Soc. 1979,101. 3370. Baumgartcl. 
0 . ; Szeimies. G. Chem. Ber. 1983.116. 2180. Baumgartel, 0. ; Harnisch, J.; 
Szeimies. G.; Van Mecrssche. M.; Germain. G.; Declerq. J.-P. Chem. Ber. 
1983. /16. 2205. Kcnndoff. J.; Polborn. K.; Szeimies. G. J. Am. Chem. Soc. 
1990, 112. 6117. Tricyclo(3.l.0.0 ;6]hcx-l(6)-ene, which has also been gen
erated and trapped by Szeimies and co-workers.2 is computed' to have a 
hydrogenation energy that is about 6 kcal/mol less than that of 1. 

(11) (a) Hassenriick. K.; Radziszcwski. J. G.; Balaji. V.; Murthy. G. S.; 
McKinley. A. J.: David, D. E.; Lynch. V. M.; Martin. H-D.: Michl, J. / Am. 
Chem. Soc. 1990.112. 872. (b) Hrovat. D. A.; Borden. W. T. J. Am. Chem. 
Soc. 1990. 112. 875. (c) Eaton. P. E.; Tsanaktsidis. J. J. Am. Chem. Soc. 
1990. 112. Hb. 

(12) Dcwar. M. J. S.; Zoebisch. E. G.; Healy. E. F.; Stewart. J. J. P. J. 
Am. Chem. Soc. 1985. 107. 3903. 

(13) AMI gives heats of hydrogenation of 121.2 kcal/mol for land 120.2 
kcal/mol for 2. 

(14) (a) Wyvratt. M. J.; Paquctte. L. A. J. Am. Chem. Soc. 1974. 96. 
4671. (b) McNeil. D.; Vogt. B. R.; Sudol. S.; Theodoropoulos. S.; Hedaya. 
E. J. Am. Chem. Soc. 1974. 96. 4673. (c) Paquette. L. A.; Wyvratt. M. J.; 
Berk. H. C : Mocrck. R. E. J. Am. Chem. Soc. 1978.100. 876. (d) Paquette. 
L. A.; Weber. J. J.; Kobayashi. T.; Miyahara. Y. J. Am. Chem. Soc. 1988, 
110. 8591. (c) Taylor. R. T.; Peller. M. W.; Paquette, L. A. Org. Synlh. 1989. 
68. 198. 

(15) (a) Paquette. L. A.; Carr, R. V. C ; Bohm. M. C ; Glcitcr, R. J. Am. 
Chem. Soc. 1980.102. 1186, 7218. (b) Watson. W. H.; Galloy. J.; Bartlctt. 
P. D.; Roof. A. A. M. J. Am. Chem. Soc. 1981. 103. 2022. (c) Houk. K. N.; 
Rondan. N. G.; Brown. F. K.; Jorgenscn. W. L.; Madura, J. D.; Spellmeyer, 
D. C. J. Am. Chem. Soc. 1983.105. 5980. (d) Houk. K. N.; Rondan. N. G.; 
Brown, F. K. lsr. J. Chem. 1983. 23. 3. 

(16) Prepared in 1I '" yield by a classical Hunsdiecker reaction on the silver 
salt of the diacid or in 50% yield by a modified Hunsdiecker reaction, using 
HgO and photolyzing: Cristol. S. J.; Firth, W. C.. Jr. J. Org. Chem. 1961. 
26. 280. Meyers. A. I.; Fleming. M. P. J. Org. Chem. 1979. 44. 3405. 

ie/7-butyllithium afforded two volatile products, the reduced 
hydrocarbon (6)l4b and the re/7-butyl adduct (7),17 in ratios that 
ranged from 1:20 from reaction of 5 in 1:1 ether/pentane at 0 
0C to 2:1 from reaction of 5 in THF at -78 0C. The reduction 
product (6) was identified by comparison of its 1H NMR spectrum 
with that reported in the literature [(CDCl3, 220 MHz) o 1.48 
(s, 10 H), 2.15 (s, 6 H)], l4b and this structural assignment was 
confirmed by the appearance of only four peaks in the "C NMR 
spectrum18 [(CDCl3, 75 MHz) « 52.93 (CH), 48.19 (CH), 46.35 
(CH), 25.75 (CH2)]. The 1H NMR spectrum of 7 [(CDCl3. 300 
MHz) S 2.15 (s, 4 H), 2.03 (d, J = 2 Hz, 2 H), 1.96-1.91 (m, 
2 H), 1.54-1.52 (m, 1 H), 1.50-1.41 (m, 6 H), 1.03 (s, 9 H)] was 
less useful than the 13C NMR spectrum [(CDCl3, 75 MHz) 8 
57.47 (C), 57.36 (CH,), 53.76 (CH2), 48.72 (CH), 48.16 (CH), 
33.31 (C), 28.95 (CH3), 27.25 (CH2), 23.06 (CH2)] in establishing 
the structure. Selective 1H decoupling showed that the unique 
proton in 7 at 5 1.54-1.52 is attached to the tertiary carbon that 
appears at 5 48.72. 

When the reaction of 4 with /ert-butyllithium was repeated and 
D2O used to quench the reaction mixture, mass spectral analysis 
showed that only one deuterium was incorporated into both 6 (45% 
d,) and 7 (35% d,). In the 2H NMR spectrum of the 7-d, thus 
formed, only one deuterium resonance (6 1.54) was observed, and 
the proton-decoupled 13C NMR spectrum of this material showed 
the peak at 6 48.72 to be split into a triplet, J = 22 Hz, by this 
deuterium. 

These spectral data establish that in 1-d, deuterium is incor
porated in the fashion expected from formation of 2, followed by 
addition of excess »er/-butyllithium across the pyramidalized 
double bond,19 and quenching of the resulting organolithium 
species by deuterium capture. Similarly, the observation that 6 
incorporates just one deuterium suggests that this product may 
be formed by reduction of 2, either by transfer of an electron into 
its very low-lying LUMO,4 followed by hydrogen atom abstraction, 
or simply by transfer of hydride. In either case, just one deuterium 
would be incorporated on workup, whereas two deuteriums would 
presumably be incorporated if 6 were formed by double lithium-
bromine exchange of 4,20 instead of via the intermediacy of 2. 

The formation of 2 was confirmed by trapping of the olefin in 
a Diels-Alder reaction with diphenylisobenzofuran (DPIBF). 
Reaction of 5 with a 20% excess of n-butyllithium in THF at -78 
0C in the presence of 1.2 equiv of DPIBF led, after workup and 
column chromatography on silica gel, to a quantitative yield of 
an adduct. Recrystallization from hexane/CH2Cl2 afforded an 
80% yield of white needles, mp 222.5-223.5°." Both the 1H and 
13C NMR spectra of this material were wholly consistent with 
the formulation of its structure as that expected from a Diels-Alder 
reaction between DPIBF and 2. 

Our finding that, despite the very weak x bond expected in 2, 
this highly pyramidalized alkene can be generated in solution and 
lives long enough to be intercepted chemically suggests that it may 
be possible to matrix isolate 2 and also to trap it as a (Ph3P)2Pt 
complex. The success of these two additional experiments, which 
are planned, would allow an assessment of how the additional 
pyramidalization in 2 causes its IR and UV spectra and the 13C 
NMR spectra of its (Ph3P)2Pt complex to differ from those 
measured for higher homologues of I.1-21-22 

(17) Complete spectral and analytical data for this compound are available 
as supplementary material. 

(18) The number of protons attached to each carbon was deduced from 
experiments using the DEPT pulse sequence: Doddrell. D. M.; Pegg. D. T.: 
Bcndall. M. R. J. Magn. Reson. 1982. 48. 323. 

(19) Addition of alkyllithium reagents is frequently observed to compete 
successfully with dimcrization of highly pyramidalized alkenes.2-5,6 

(20) This assumes that the resulting dilithio compound would survive until 
quenching, rather than capturing one proton prior to the addition of D2O. 
Additional studies of the mechanism of formation of 6 arc in progress. 

(21) The IR spectrum of the matrix-isolated n = 1 olefin, formed by 
potassium vapor dchalogenation of the diiodide precursor.1* shows a weak band 
at 1496 cm ': Radziszewski. J. G.; Michl. J.; Yin. T.-K.: Renzoni, G. E.; 
Borden. W. T.. unpublished results. 

(22) Kumar. A.: Lichtenhan, J. D.; Critchlow, S. C . Eichinger. B. E.; 
Borden, W. T. J. Am. Chem. Soc. 1990. 112. 5633. 
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Recent advances in high-resolution electrophoretic NMR 
(ENMR) permit the resolution of NMR spectra of mixtures on 
the basis of electrophoretic mobilities of contributing ions.'-2 

However, these experiments observe a counterflow of ions and 
only the magnitudes of the mobilities can be detected. Also, for 
monodisperse ions, resolution is severely limited by truncation 
errors in the Fourier transformations with respect to the electric 
current amplitudes. Here we report an experiment that recovers 
the signs of mobilities through the use of a cylindrical electro
phoresis chamber with appropriate modifications in pulse sequences 
and data handling. The truncation problem has been solved by 
means of linear prediction (LP) methods. We note that this 
experiment determines the electrophoretic mobilities of ions and 
and identifies the ions by their NMR spectra. Furthermore, it 
does not require labeling of ions for detection, and it permits the 
use of short (<l-s) migration times. 

Our 2D-ENMR experiments are usually performed with the 
LED pulse sequence shown in Figure la.' This is a stimulated 
echo (STE) experiment4- in which two additional ir/2 rf pulses 
are used to store and recover the stimulated echo so that magnetic 
field disturbances associated with the gradient pulse at A will have 
time (7"c) to decay, ./-modulation effects can also be avoided since 
the transverse evolution period (r - 6) can be as small as 600 in? 
For an ion with diffusion coefficient D and electrophoretic mobility 
H, the magnetization immediately after the fifth ir/2 rf pulse has 
the form 

-: art nrt -.: 

W(A+T+7"C ) = exp[/<M/)l/TT,A,7"c) (D 

where 4(1) = KnAI/(KA).f(T,\Tc) = (A/„/2) expl-2r/r2 - (A 
+ 7"c)/7", - DAT2(A - 6/3)]. K = ygS, -y is the magnetogyric ratio, 
and g and b are the amplitude and duration of the magnetic field 
gradient pulses, respectively. The electric current / in the sample 
is given by / = KAE^ where EiQ is the electric field. « is the 
conductivity, and A is the cross-sectional area of the sample tube. 
2D-ENMR spectra are usually obtained by a Fourier transfor
mation with respect to the acquisition time t: and a transformation 
with respect to the current /. 

• Author lo whom correspondence should be addressed. 
(1) Johnson. C. S., Jr.; He. Q. In Advances in Magnetic Resonance. 

Warren. W. S.; Ed.; Academic Press: San Diego. 1989; Vol. 13. p 131. 
(2) He. Q.: Hinton. D. P.; Johnson. C. S.. Jr. J. Magn. Reson. 1991. Vl. 

654. 
(3) Gibbs. S. J.; Johnson. C. S.. Jr. J. Magn. Reson. 1991. 93. 395. 
(4) Hahn. E. L. Phys. Rev. 1950. 80. 580. 
(5) He. Q.; Johnson. C. S., Jr. J. Magn. Reson. 1989. SS. 181. 

(a) ksa STE 

(b) 

Figure 1. (a) The LED-ENMR pulse sequence. The gradient prcpulses, 
homospoil pulses, and phases of the rf pulses are not shown, (b) A plot 
of 2 and V for the SDS 1H peak at 1.08 ppm (see text). 

The electrodes must be arranged so that bubbles can escape. 
U-tube chambers satisfy this condition but yield low filling factors 
for receiver coils, difficult shimming for the magnetic field, spectral 
phasing problems, and a counterflow of ions. Since there are equal 
contributions from ions having positive and negative velocities, 
the phase factor in eq I must be replaced with cos [KIIA1/(KA)] 
and information about the sign of the electrophoretic mobility is 
lost. As an alternative we have developed a chamber made up 
of two concentric tubes. The outer tube (10.0 mm o.d.) is sealed 
at the bottom, and the inner tube (3-5 mm o.d.) is open at both 
ends. The inner tube is held in place by a 1.0-cm-long Teflon 
spacer at the top and contains a 4-mm polyacrylamide gel plug 
at the bottom to separate the two chambers. A salt solution fills 
the annulus between the tubes, and the solution under study fills 
the inner tube. This arrangement, which permits Pt electrodes 
to be placed in the top of both chambers, is practical for com
mercial NMR probes. 

When the STE version of the experiment is adequate, the last 
two rf pulses in Figure la are deleted and the acquired FID is 
just the second half of the stimulated echo. The reverse precession 
method can then be used to determine the sign of the mobility.6 

For each value of the current, FIDs are collected with positive 
and negative polarities of the electric field. After Fourier 
transformation with respect to I2. the signals with positive and 
negative polarities can be represented by 

SJftJ) = S0 exp[±i*(/)]f(T.A,7-€)[a(w2) + tffo)] (2) 

where a(u)j) and </(u>2) are Lorentzian absorption and dispersion 
components.7 The combinations 2 = Re (S++S.) and V = Im 
(Sf-S) give absorption spectra modulated by cos [KitAI}\KA)\ 
and sin [KHA1/(KA)], respectively. These data sets can be ana
lyzed to obtain the magnitude and sign of it or transformed with 
respect to current to obtain a 2D-ENMR spectrum with positive 
and negative mobility values. 

When the full LED sequence is used, the fourth ir/2 pulse is 
directed along the -JC and -y directions in the rotating frame in 
order to store the real and imaginary parts of the magnetization, 
respectively. Typically the polarity of the electric field is negative 
when the real component is stored and positive when the imaginary 
part is stored. This yields the correct signs for the mobilities and 
prevents mass polarization of the sample. Figure lb shows 
LED-ENMR data for an anion in an aqueous solution containing 
2.0 mM tetramethylammonium chloride (TMA) and 2.0 mM 
sodium dodecyl sulfate (SDS) stabilized by 0.5% agarose gel. The 

(6) Bachmann. P.; Auc. W. P.; Muller. L.; Ernst. R. R. J. Magn. Reson. 
1977. 28, 29. 

(7) Ernst. R. R.; Bodenhauscn. G.; Wokaun. A. Principles of Nuclear 
Magnetic Resonance in One and Two Dimensions: Clarendon Press: Oxford. 
1987; p 309. 
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