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Ry = H, aliphatic, conjugated, aromatic substituents

1,2,4-Trisubstituted cyclohexadienals can be prepared synthetically by self-condensgtionediyl
substituted,S-unsaturated aldehydes. While molecules with this structural scaffold have been observed
in nature, the biological roles of these compounds have yet to be thoroughly investigated. Here we
investigate the use af-proline and its derivatives to effect synthesis of these ring-fused homodimers.
The scope of this reaction is investigated with different substrates and proline derivatives. Mechanistic
hypotheses are put forth supported by NMR and mass spectrometry studies. The method will enable
diversification of this scaffold in sufficient quantities for biological investigations.

Introduction

Carotenoids form an important class of biologically active |
molecules and play a critical role in energy transfer processes
such as photosynthesis or photoprotection. In animals, carotenoid
metabolites, e.g., retinoids, serve as chromophores for the visual

signal transduction systers. ~o ~o
X
Interestingly, condensation of di-retinal gives a C-40 ring- e
fused dimerla (Figure 1) (with a cyclohexadienal structural 1a 1i

core) that has been implicated as a contributor of age-related
macular degeneration, the leading cause of blindness in theFIGURE 1. Structures of retinallg) and citral (Li) self-condensation
elderly2 While molecules with this structural scaffold are not Products.

unprecedented in nature, considerably less is known regarding
the biological functions of these molecules. The self-dimeriza-
tion of citral, for example, has been suspected since the late
1890s? The 1,2,4-trisubstituted structuréi) was definitively
ascribed in 1932.Recently, citral dimedi was isolated from

the North Sea bryozodrustra foliace& and shown to exhibit
antibacterial activity againgoseobacter s@ndSulfitobacter

sp.in an agar diffusion assay (10@ resulted in a 0.5 and 1.0
cm zone of inhibitionf.

Over the past century, a variety of conditions have been
employed to develop facile routes to these self-condensation
products. The general synthetic strategy has involved the use
of strongly basic conditions such as lithium diisopropyl amide
(LDA),” sodium hydride (NaHy,potassium hydride (KHj2°

T A provisional patent on this work is in place (13260-P011V1) on the
“Synthesis and Biological Effects of Substituted Cyclohexadienes.”
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potassiuntert-butoxide?1°and otherd! The conditions utilized
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TABLE 1. Effect of Various Substrates on Proline Promoted

in these reactions, however, are fairly harsh and illustrate no Homodimerization

degree of stereoselectivity.

Proline is a widely employed organocatalysis it is readily
available and inexpensiVé.lt has been employed in a variety
of asymmetric organic reactions including aldblDiels—
Alder !5 and Michael additioA® among many otherS. Here,
we fully investigate the use afproline as a chiral auxiliary to
catalyze asymmetric self-condensation of a varietyogs-
unsaturated aldehydésThe scope of the reaction is investigated
with 12 different substrates (including a few reported previously
for comparisonl’ and 7 proline/proline-based catalysts and the
reaction conditions optimized. NMR and MS analyses as well
as reactions with various proline derivatives also provide
mechanistic insight into the reaction.

Results and Discussion

Initially, we optimized conditions for these reactions (varying
the temperature and substrate to catalyst ratios), utilizing citral
as a model substrate aneproline to implement the reaction.

(8) (@) Verdegem, P. J. E.; Monnee, M. C. F.; Mulder, P. P. J.;
Lugtenburg, JTetrahedron Lett1997 38, 5355-5358. (b) Taneja, S. C.;
Koul, S. K.; Dhar, K. L.Indian J. Chem1988 27B, 769-770.

(9) Thomas, A. F.; Guntz-Dubin, Rielv. Chim. Actal976 59, 2261
2267.

(10) Valla, A.; Andriamialisoa, Z.; Labia, RTetrahedron Lett2000
41, 3359-3362.

(11) (a) Yamad, S.; Shibasaki, M.; TerashimaJ &trahedron Lett1973
5, 377-380. (b) Yamad, S.; Shibasaki, M.; TerashimaJ &rahedron Lett.
1973 5, 381-384. (c) Duhamel, L.; Guillemont, J.; Poirier, J.-M.
Tetrahedron Lett1991, 35, 4495-4498.

(12) (a) Hajos, Z. G.; Parrish, D. R. Asymmetric Synthesis of Optically
Active Polycyclic Organic Compounds. German Patent DE 2102623, 1971.
(b) Eder, U.; Sauer, G.; Wiechert, Rngew. Chem., Int. Ed. Engl971,

10, 496-497.

(13) Reviews: (a) Dalko, P. I.; Moisan, D. lAngew. Chem., Int. Ed.
2004 43, 5138-5175. (b) Seayad, J.; List, Bdrg. Biomol. Chem2005
3, 719-724.

(14) Reviews: (a) List, B.Tetrahedron2002 58, 5573-5590. (b)
Alcaide, B.; Almendros, PAngew. Chem., Int. EQ003 42, 858-860. (c)
Notz, W.; Tanaka, F.; Barbas, C. F., Wcc. Chem. Re004 37, 580~
591. (d) List, B.Acc. Chem. Re004 37, 548-557. For leading literature,
see: (e) Sakthivel, K.; Notz, W.; Bui, T.; Barbas, C. F.,JIlIAm. Chem.
Soc.200], 123 5260-5267. (f) Cadova, A.; Notz, W.; Barbas, C. F., Ill
J. Org. Chem2002 67, 301—303. (g) Northrup, A. B.; MacMillan, D. W.
C.J. Am. Chem. So®002 124, 6798-6799. (h) Bagevig, A.; Kumara-
gurubaran, N.; Jgrgensen, K. Zhem. Commun2002 620-621. (i)
Northrup, A. B.; Mangion, |. K.; Hettche, F.; MacMillan, D. W. @ngew.
Chem., Int. Ed2004 43, 2152-2154. (j) List, B.; Hoang, L.; Martin, H.
J.Proc. Natl. Acad. Sci. U.S.2004,5839-5842. (k) Casas, J.; Enggvist,
M.; Ibrahem, I.; Kaynak, B.; Galova, A. Angew. Chem., Int. EQ2005
44, 1343-1345.

(15) (a) Thayumanavan, R.; Dhevalapally, B.; Sakthivel, K.; Tanaka, F.;

Barbas, C. F., llTetrahedron Lett2002 43, 3817-3820. (b) Ramachary,
D. B.; Chowdari, N. S.; Barbas, C. F., Metrahedron Lett2002 43, 6743
6746. (c) Lakner, F. J.; Negrete, G. 8ynlett2002 4, 2002. (d) Sunde,
H.; Ibrahem, |.; Eriksson, L.; Gdova, A. Angew. Chem., Int. EQ2005
44, 4877-4880. (e) Ishihara, K.; Nakano, K. Am. Chem. So2005 127,
10504-10505. (f) Sabitha, G.; Fatima, N.; Reddy, E. V.; Yadav, A&.
Synth. Catal2005 347, 1353-1355.

(16) Reviews: (a) Krause, N.; Hoffmann-&er, A Synthesi®001, 171~
196. (b) Christoffers, J.; Baro, AAngew. Chem., Int. EQ003 42, 1688-
1690. For leading literature, see: (c) Horstmann, T. E.; Guerin, D. J.; Miller,
S. J.Angew. Chem., Int. EQ00Q 39, 3635-3638. (d) Halland, N.; Hazell,
R. G.; Jgrgensen, K. Al. Org. Chem2002 67, 8331-8338. (e) List, B.;
Pojarliev, P.; Martin, H. JOrg. Lett.2002 3, 2423-2425. (f) Halland, N;
Hansen, T.; Jorgensen, K. Angew. Chem., Int. EQR003 42, 4955
4957. (g) Betancort, J. M.; Sakthivel, K.; Thayumanavan, F. T.; Barbas, C.
F., Ill Synthesi2004 9, 1509-1521. (h) Hechavarria, Fonseca, M. T.;
List, B. Angew. Chem., Int. EQ2004 43, 3958-3960.

(17) For preliminary work on the subject see: Asato, A. E.; Watanabe,
C.; Li, X.-Y.; Liu, R. S. H. Tetrahedron Lett1992 33, 3105-3108.

Sy — LT

‘R group Compound  yield ‘ee
(%)
Ao la 89 52
Eji\/) 1b 87 62
lc 47 40
O

0 E 1d 60 26

U
@ le 66 40
1f 73 54

Me—i
lg 50 56

\/\/\/f
)\/\)\/\/x 1h 42 51
Jou li 65 50
1j 57 42
1k 52 36
11 62 46

ass

a8 Reaction conditions: 1 equiv of aldehyde and 1.5 equivs-pffoline
dissolved in ethanol and stirred at room temperature fer2ésh P Isolated
yield. Determined by Pr(hfg)chiral shift reagent

Reactions mediated with other amino acids (Trp, His, Arg, Gly,
and lle) either fail or proceed to a lesser extent than prdfine.
Product yields were highest when the reactions were carried
out at room temperature versa20 to 0°C or 50-100 °C.
Citral dimer1i is typically isolated as the sole product in 65%
yield following 16—24 h incubation at room temperature (Table
1). This is in contrast to treatment of citral with NaH, which
gives a mixture of productsi and1i* in a 5:95 product ratio
(Figure 2)8 When the temperature is decrease@( to 0°C),

the reaction is sluggish and yields diminish to less than 5%.
The majority of the starting material remains as its Schiff base
at 48 h. On the contrary, when the temperature is increased,
many unidentified byproducts begin to form withi h and citral
dimer is obtained in less than 10% yield at 16 h. Varying the
substrate to auxiliary agent-proline) ratios also had a dramatic
effect on reaction yields. We evaluated six different substrate-
to-catalyst ratios: 1:0.5, 1:1, 1:1.25, 1:1.5, 1:1.75, and 1:2,
respectively, whereby 1:1.5 molar concentrations exhibited the
highest conversion rates (65%). At 1:0.5, 1:1, and 1:1.25
concentrations, the yields wereb%, 27%, and 42%, respec-

J. Org. ChemVol. 71, No. 25, 2006 9459



JOC Article

NaH
dry ether

J\/\)\A
~o

e

FIGURE 2. Products formed by treatment of citral with NaH.

tively. Likewise, at higher proline concentrations, yields were
reduced to 37% (1:1.75) and 35% (1:2).

Various substrates were tested utilizing these optimized
conditions to investigate the generality of the reaction as
illustrated in Table 1. Product yields ranged from 42 to 89%
and ee’s from 26 to 62%. Treatment of retindk( requires
added triethylaminé andg-ionylideneacetaldehydélf) with
ethanolic proline gave correspondingly higher yields than those
originally reported, and yields are provided for the reaction with
senecioaldehydelf) and citral (i) that were not previously
provided!” The new substrates examineg3-unsaturated al-
dehydes with conjugated chainga(and 1b), the aromatic
aldehydes, thiophend.€) methylfuran {d), and phenyl 1¢),
the aliphatic alkyl substituentd @ and 1h), as well as bulky
substituents such as naphthaletig, iphenyl (Lk), and fluorene
(11). Interestingly, thiophene-substitutett] gave an unexpect-
edly lower yield than methylfuran-substituteddj but gave
correspondingly higher ee’s. Modest yields were obtained with
alkyl substituents g and 1h), presumably attributed to the
flexibility of the groups versus the more rigid conjugated long
chain substituentslé and 1b) where the highest yields were
observed. While we expected the naphthaleljg, biphenyl
(1k), and fluorene 1l) substituents to result in low transforma-
tion efficiences due to steric hindrance (attributed to the
bulkiness of the side chains), product yieldf 67%; 1k, 52%;

11, 62%) were remarkably good, comparable to those of others

examined. Circular dichroism (CD) analysis of the menthylhy-
drazone derivatives of the C-30 dimer (formed through dimer-
ization of 1b) suggests that the absolute configuration of the
major isomer formed in theseproline mediated reactions is
the S-configuration as determined by the quadrant rule (chiral
excition theory).8

Since the reaction appeared quite universal, i.e., amenable

to a variety of different substrates, we analyzed various proline
derivatives to determine their effects on the enantioselectivity

of the reaction. Previous work has shown that the reaction can

be promoted byrans-4-hydroxy+-proline, b-proline, andcis-
4-hydroxyo-prolinel” Citral (1i) was reacted with six different
proline derivatives including-proline methylester2a),'® iso-
propyl ester 2b),1° benzyl ester Zc),!® prolinol (2d), diethyl
prolinol (2€),2° and biphenyl prolinol Zf) (see Table 23° To
our disappointment, little enantiomeric selectivity (less than

20%) was observed in each case. The highest selectivity was

obtained witha,a-diethyl prolinol 2e, which gave an enantio-
meric excess of 15.5%. Reaction yields were moderate with
the exceptions o2c and2d, which generated yields similar to
that of L-proline. Solvent effects on citral dimerization were
also examined with prolinol2d); THF, DMSO, DMF, and
2-propanol were each examined, but no improvement on

(18) Harada, N.; Nakanishi, KAcc. Chem. Red972 5, 257—263.

(19) Kyba, E. P.; Timko, J. M.; Kaplan, L. J.; de Jong, F.; Gokel, G.
W.; Cram, D. JJ. Am. Chem. S0d.978 100, 4555-4568.

(20) Zhou, Z.; Tang, Y.; Wang, L.; Zhao, G.; Zhou, Q.; Tang, C.
Synthesi004 2, 217-220.
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TABLE 2. Effect of Proline Derivatives on Homodimerization

PP N

R |

X
‘R group catalyst time ‘yield
(h) (%)
D 2a 5 38
f)LOMe

ij\o I 2b 34 43
(o]

PLOA@ 2¢ 33 72
{ o 2d 23 78
% 2e 18 57

958 of 30 49

aReaction conditions: 1 equiv of citral and 1.5 equiv of catalyst dissolved
in ethanol and stirred at room temperature for-2@ h. Isolated yield.

Diels Alder Imine Addition
©)]
CC)2 CO;
I
J\/‘ 7 ijﬁ)j 7
3
( 002 ¥ CO?
4
002 O?
b?@é 5
Op A
@OQC 6020
6 5

D

FIGURE 3. Proposed routes to the synthesis of 1,2,4-trisubstituted
cyclohexadienals.

enantiomeric selectivity was observed. As with the proline-
assisted reaction, ethanol generated the highest yields (78%).
The proline promoted reaction is thought to ensue by
nucleophilic attack of the aldehyde with proline, resulting in
the formation of a Schiff bas8 (Figure 3). Tautomerization
(invoked by deprotonation of thg-methyl group) gives the
p-methylenic proline addue that can be visualized to dimerize
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R o-center and R' of proline derivative in Retinal

B/ ' close proximity

N@

Nn= ||
Iﬁ@ ee observed
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2 min.

9 min.

o
J

e e

%

= NI® 2h
NU = \]\ No Substantial ee " N
R ." 4h 45 min.
TG) y-center and R' of proline derivative are ﬂ
too remote I
FIGURE 4. Schematic diagram depicting Michael donor and acceptor h 7h
interactions.

T T T T T T T T T

T T T T T T T
0.0 9.9 9.8 9.7 9.6 9.5 9.4 9.3 9.2 9.1 9.0 89 8.8 8.7 ppm

with 3f0!|0W|ng a Diels-Alder- or Michael-like imine addition FIGURE 5. Time course analysis of retinal homodimerization by
mechanism (pathway marked with green arrows). The need for yyr.
1.5 equiv of chiral auxiliary (-proline) in the reaction is

presumably necessary to convert all of the starting aldehyde to
13.0]

that of the Schiff base (accounting for 1 equiveproline), i 388.2812

while the additional 0.5 equiv is needed to deprotonate the 129

B-methyl group. In support of this mechanism, many of the " o 05
proline derivatives listed in Table 2 were capable of catalyzing 10 W{S

the reaction in similar yields to that afproline. Therefore,
proton abstraction is not an intramolecular process involving

the proline carboxylate. Additionally, while proline derivatives 2.0

have been reported to give modest improvements in enantiose- § 5o 389.2879

lectivity over proline itselfi3 in our case no improvement was '54.0

observed. Hence, the reactive center might be too remote for 220

these derivatized proline chiral auxiliary agents to impart much 20

of an impact. This in turn would suggest that the reaction likely 10 l

proceeds through imine addition versus a Digdder based P P 1 | 2
meChaniSrﬁz;'lO’llthe D|e|S_A|der approach involves the enam- miz, amu 385.0 386.0 387.0 388.0 389.0 390.0 391.0 392.0 393.0 394.0 395.0
ine andy-positions of the diene (Figure 3). On the contrary, 23 6545181

the Michael-like imine addition involves only theposition, a
remote carbon center, of thés-diene. The effect of the chiral
auxiliary should be quite pronounced if the reaction followed a
Diels—Alder reaction pathway. In further support of this notion,
previous reports of proline-assisted Michael additions, where
effects on ee’s were observed, have involved addition by the 3
o-position of the donor molecule (Figure ¥)In our case, we "
are two carbon atoms removed (addition occurs with the 5
y-carbon of the donor molecule) and the chiral auxiliary is too
far removed to elicit an effect.

To provide additional experimental evidence for our proposed
mechanism, we performed a time course analysis of this proline- e ,|,[ bk s , Ll ks
assisted dimerization reaction by NMR and MS. The results minamu 638 642 646 650 G50 65 662 666 670 674 673
are provided here for the homodimerization of retiba(Figure ) .
5). Retinal and proline were mixed in an NMR tube. An FIGURE 6. Mass spectral peaks (M Li) observed at 2h 30 min
immediate scan (2 min) revealed formation of the Schiff base post induction: (top) Schiff bas@ (388.2812 amu) and (bottom)

. . . intermediate7 (654.5181 amu).

(3), giving both cis and trans isomers-¢arbon to the protonated
imine) at 8.90 and 8.80 ppm, respectivélyfter 9 min, two was fully consumed by a time & h 20 minpostinduction with
new pairs of peaks began to appear corresponding to cis/trangntermediates3 and 7 remaining, providing evidence that the
isomers (9.01 and 9.11 ppm, respectively) of intermedfate  condensation reaction occurs between two proline adducts
While full characterization o could not be obtained due to  (Figure 3, condensation betwe8nand 4) as opposed to one
convolution of the spectra, two additional pairs of doublets (7.25 proline adduct and one aldehyde. At 3 h, triethylamine (1 equiv)
and 7.57 ppm) were detected, corresponding to the coupledwas added to facilitate dimer formatidhTraces of the C-40
cyclohexadiene ring protons. Coupling of the protons was dimer product were apparent by 4 h. The full NMR spectra of
confirmed by H,H-COSY (see Supporting Information). Retinal these time points are provided as Supporting Information. MS
analysis of the reaction was performed at four time points (30
(21) Rabiller, C.; Danho, DHelv. Chem. Actal984 67, 1254-1273. min, 1 h 30min, 2 h 30 min, and 4 h 30 min). The data were

22
20

0.2
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fully consistent with the NMR results (Figure 6, reaction o 6.54 (d, 1H,J = 16.2 Hz), 6.11 (d, 1HJ = 16.2 Hz), 5.06 (s,
progressiont2 h 30min), showing detection of both the Schiff ~ 1H), 2.16 (d, 3HJ = 0.6 Hz), 1.986-2.03 (m, 2H), 1.67 (d, 3H,
base3 and intermediat@ NMR and MS experiments were also ~ J = 0.9 Hz), 1.54-1.62 (m, 2H), 1.431.46 (m, 2H), 1.01 (s, 6H);
performed with citral (without added triethylamine). The data E:CH')\“\QEZ(? (E;AS)ZE:,[())C; (é? 1(31)7591(55)-19%)(5 %geH)l (3%)’61(3'—16
gﬁfglgrlﬁggtrnc;zﬁmc;?iiir.ved with retinal and are included a534_3, (©). 33.3. (CH), 29.0 (2% CHy), 21.8 (CH), 19.2 (CH).
. . . 16.5 (CH); IR (neat)y 2925, 2855, 2210, 1738, 1614, 1585, 1455,
Addltlonally, we _SyntheS|zed6-methyI SL-letltUte(-j ben- 1375, 1365, 1217, 966 crh HRMS (ES|) for Q5H21N|_i (M +
zylidene aldehyde in deuterated form with the intent of |j)+: calcd, 222.1834; found, 222.1828.
measuring a kinetic isotope effect for the homodimerization B, Synthesis ofa.,5 Unsaturated Aldehydes.a.,8-Unsaturated
reaction. However, a deuterium exchange experiment revealedaldehydes were prepared by reduction of their corresponding nitriles
significant solvent exchange by the reaction. Citral was reacted (3b—e, 3g, and3j—I) and purified by flash column chromatography
with proline in deuterated methanol and examined by both MS (2—10% ethyl acetate/hexanéd)Farnesal was synthesized from
and NMR . MS ana|ysis revealed the presence of citral dimer farnesok® !n all Cas.es, the all-trans isomer was utilized in self-
labeled with 1 through up to a possible 10 deuteriums. NMR C€ondensation reactions. _
analysis/integration of the peaks confirmed the incorporation ?‘%e.tgylfﬁ'd(_z’g%gt.gmnﬁtl\r/‘lg'cggéoazx'1&%‘8:/')'5;?&6"62’146%8'
of deuterium at the aldehyde position as well as at C-3,,C-3 ?; gH)j :y|8e 1'Hz) %’70 (d 1|(-|J _ 16221 Hz) %17 (d) 1H) =
C3’ C-5, C-7, and C?'l The'5|gn|.f|cant exchange observed g g H,z), 5.89 (d, iHJ =78 Hz), 2.27 (s, 3,_’0’ 200 (’t, 2H, =
during the course of this reaction hinders our ability to measure g o Hz) '1.68 (s, 3H), 1.521.62 (m, 2H), 1.42-1.45 (m, 2H), 1.00
a kinetic isotope effect. (s, 6H)13C NMR (75 MHz, CDC}, 25°C) 6 191.1 (CH), 157.2,
(C), 136.1 (C), 135.6 (CH), 132.8 (CH), 132.5 (C), 130.2 (CH),
_ 39.6 (CH), 34.2 (C), 33.2 (Ch) 28.9 (2x CHy), 21.7 (CH), 19.1
Conclusion (CHs), 16.5 (CH); IR (neat)r 2930, 2865, 1738, 1665, 1606, 1448,
. 1376, 1364, 1216, 1206, 1116, 963, 764, 749, 7321ciHRMS
Our results demonstrate the use of proline to promote (Es|) for CsH,,0Li (M + Li)*: calcd, 225.1831; found, 225.1835.
asymmetric self-condensation eff-unsaturated aldehydes to Synthesis of Self-Condensation ProductsRing-fused ho-
form trisubstituted cyclohexadiene products. Reaction conditions modimers were generated by self-condensation,ffunsaturated
are mild and yet amenable to a variety of different substrates, aldehydes, a modification of Asato et'dThe generalized approach
yielding molecules with complex scaffolds from simple precur- s illustrated below for 6-methyl-4,6-di-thiophen-2-yl-cyclohexa-
sors. Mechanistic hypotheses are presented involving condensal,3-dienecarbaldehydd.q). .
tion between two proline adducts through either a Digdlider N g"\/éitr;y_'lj“'G‘d"th'o%hfend‘zﬂ'w'lfyc|°hegg'tv3s;(tjt'$neﬁarbgl?% .
; ke imi e ; yde (1c).To an oven-dried flask was added 3-thiophen-2yl-but-
Svray'r%r;i?tlolpéz,'?:,mt?maedigfgeT:s aIF;/r: egsresbsy o’\f”\t/lhs ;?%Ctll\?l g 2-enal @¢) (20 mg, 0.132 mmol) dissolved in 10 mL of 200 proof

. . . . ) ethanol. To this solution was addegbroline (23 mg, 0.200 mmol).
providing e\'/ld.ence for the intermediacy ‘?f Schiff basand The mixture was allowed to stir at rt for 24 h prior to quenching
protonated iming. Moreover, these experiments revealed the e reaction with deionized 40 (30 mL) and extraction with

complete loss of starting aldehyde during the reaction in support hexanes (3« 50 mL). The combined organics were washed with
of a two proline adduct-based mechanism. Additionally, inves- brine, dried over MgS® and concentrated in vacuo. Purification
tigations with various proline derivatives gave similar yields to by flash chromatography (5% ethyl acetate/hexanes) afforded 17.7
that of L-proline, suggesting that deprotonation and activation mg of 1c as a red oil (47%)*H NMR (300 MHz, CDC}, 25 °C)

of the 8-methyl group to givet is an intermolecular process 0 9.49 (s, 1H), 7.357.40 (m, 1H), 7.287.30 (m, 2H), 7.05

and does not involve the proline carboxylate of the Schiff base 7-14 (M, 3H), 6.93 (d, 1H) = 6.0 Hz), 6.62 (dd, 1H) = 0.9, 6.3

(3). The moderate ee’s exhibited by these proline chiral Hz), 3.21 (d, 1HJ = 17.4 Hz), 2.93 (dd, 1HJ = 1.5, 17.4 H2),

I Y 1.84 (s, 3H);:3C NMR (75 MHz, CDC}, 25 °C) 6 192.0 (CH),
auxiliaries suggest that the reaction likely proceeds through 152.4 (C), 143.7 (CH), 142.2 (C). 141.5 (C), 138.8 (C), 128.6 (CH),

imine addition versus a DietsAlder-based mechanism since a 1,5 (CH), 128.5(CH), 127.9 (CH), 126.6 (CH), 126.2 (CH), 123.6

Diels—Alder would involve two reaction centers, the enamine (CH), 45.2 (CH), 29.9 (C), 27.2 (CH); IR (neat)» 3006, 2928,

and y-positions of the diene (Figure 3), while imine addition 2855, 1738, 1455, 1365, 1217, 764 ThHRMS (ESI) for GeHus

would only involve they-position, a remote carbon center, of OS,Li (M+Li)*: calcd, 293.0646; found, 293.0654.

the cis-diene. C. Determination of Absolute Configuration. CD analysis of
The approaches presented here will allow diversification and the menthylhydrazone derivatives of C-30 dindersuggests that

synthesis of these cyclohexadiene ring-fused homodimers inthe major isomer in these instances is in eonfiguration as

sufficient quantities for biological investigations. determined by the quadrant rule (chiral excitation theéty).
D. Preparation of Retinal Samples for NMR Analysis A 30

mg/mL solution of all-trans retinal-proline, and triethylamine was

Experimental Section prepared by dissolving each in @DD. These were stored at20
°C until further use.
A. Synthesis of Nitriles Nitriles 3b—e, 3g, and 3j—I were E. NMR Analysis of Retinal Self-Condensation ReactionA

synthesized following literature protocsand purified by flash 5 Mm NMR tube was filled with 80@L of CD;OD and then placed
column chromatography (gradient of 20% ethyl acetate/hexanes).  in @ 300 MHz NMR spectrometer. Once properly shimmed, another
3-Methyl-5-(2,6,6-trimethyl-cyclohex-1-enyl)-penta-2,4-di- tube was filled with 50QcL of all-trans-retinal (30 mg/mL, 0.05278
enenitrile (3b):23 yield, 94%;™H NMR (300 MHz, CDC}, 25°C) mmol) and the instrument reshimmed. The reaction was started by
ejecting the alltransretinal and adding 304L, 1.5 equiv, of the
L-proline solution (30 mg/mL, 0.07921 mmol), shaking the tube,

(22) Uchikawa, O.; Fukatsu, K.; Tokunoh, R.; Kawada, M.; Matsumoto,
K.; Imai, Y.; Hinuma, S.; Kato, K.; Nishikawa, H.; Hirai, K.; Miyamoto,

M.; Ohkawa, SJ. Med. Chem2002 45, 4222-4239. (24) Taber, D. F.; Raman, K.; Gaul, M. . Org. Chem.1987, 52,
(23) Ramamurthy, V.; Tustin, G.; Yau, C. C.; Liu, R. S. Fetrahedron 28—-34.
1975 31, 193-199. (25) Hu, H.; Harrison, T. J.; Wilson, P. D. Org. Chem2004 69, 3782.
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reinserting the tube into the NMR, and immediately acquiring a  Acknowledgment. We thank the Welch Foundation (A-
spectrum that took a total time of 2 min. After the initial spectrum 1587), Texas A&M University, and the NIH CBI Training
the instrument was periodically reshimmed. Af8&h 30min, all Program (T32 GM008523) for support of this work. We also
of the alltransretinal had been consumed and all that existed was thank Ms. Vanessa Santiago and Dr. Shane Tichy for performing
Schiff base3 and intermediat& at which time the NMR tube was ~ MS analyses, Dr. Dan Singleton and Bryson Ussing for helpful
removed and 18@L of triethylamine (30 mg/mL, 0.5340 mmol)  discussions, and Jenna Benson for synthesis of the naphthalene
was added followed by shaking and reinsertion of the tube. After series.

a few minutes, formation of the C-40 retinal dimer was present.

After 2 h 30min, the reaction was complete. Spectra were acquired ~ Supporting Information Available: Experimental procedures,
over an 8-h period at various time points. additional characterization daté{ and !3C NMR spectra, and
details on isotopic labeling studies are provided. This material is

MS analysis of the reaction was taken at 30, 90, 150, and 270 available free of charge via the Internet at http://pubs.acs.org.

min. Intermediates3 (M + Li = 388.2812 amu) and (M +
654.5181 amu) were both observed. JO061763T
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