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Abstract: The ability of surfactant aggregatél,O interfaces to control the regioselectivity of Dielalder
reactions has been investigated. Cycloadditions of surfactant 1,3-dienes 2-[[3-(dimethyldodecylsilyl)-1,3-
butadien-2-yl]thio]N,N,Ntrimethyl-1-ethanaminium iodidel&) and 6-[[3-(dimethyloctylsilyl)-1,3-butadien-
2-yl]thio]-N,N,Ntrimethyl-1-hexanaminium iodidelb) with surfactant dienophile€}-2-[[[2-(dodecoxycarbonyl)-
ethenyl]carbonylloxyN,N,N-trimethyl-1-ethanaminium iodideé) and E)-6-[[[2-(octoxycarbonyl)ethenyl]car-
bonyl]loxy]-N,N,N-trimethyl-1-hexanaminium bromide2l§) within their aqueous mixed micelles have been
performed at 25(35)C. The cycloaddition ofla and2a gave a 30:1 ratio ofrans-1-[(2-trimethylammonio)-
ethylthio]-2-(dimethyldodecylsilyl)-4-(dodecoxycarbonyl)-5-[(2-trimethylammonio)ethoxycarbonyl]-1-
cyclohexene dihalide 168 and trans-1-[(2-trimethylammonio)ethylthio]-2-(dimethyldodecylsilyl)-4-[(2-
trimethylammonio)ethoxycarbonyl]-5-(dodecoxycarbonyl)-1-cyclohexene dihdlg®, (fespectively, and that

of 1b and2b a 6.6:1 ratio otrans 1-[(6-trimethylammonio)hexylthio]-2-(dimethyloctylsilyl)-4-(octoxycarbonyl)-
5-[6-(trimethylammonio)hexoxycarbonyl]-1-cyclohexene dihali@igh) andtrans1-[(6-trimethylammonio)-
hexylthio]-2-(dimethyloctylsilyl)-4-[6-(trimethylammonio)hexoxycarbonyl]-5-(octoxycarbonyl)-1-cyclo-
hexene dihalidel6b), respectively. The excess b5 over16is consistent with the reaction @fand2 within
mixed aggregates in their preferred orientations at the aggretfa@ interface. The greater regioselectivity
obtained in the reaction dfaand2ais ascribed to the shorter tether between their reactive functional groups
and quaternary ammonium headgroups. A monolayer studypatind 16awas also performed.

Introduction been only a few studies of the ability of interfacial orientational
h els-Ald L ¢ th . effects within aqueous surfactant-based media to control the
The Diels-Alder react|rc]>n§1_|s one of the g_‘OSt }mp_(;;ant regioselectivity of Diels-Alder reactiong:® In one involving a
reactions in organic synthesisNumerous studies of Di surfactant 1,3-diene and a neutral nonsurfactant dienophile,
Alder cycloanltlons performed in# and aqueous surfactant- rientational effects were not strong enough to overcome the
based media have demonstrated that increased rates anfhaction's intrinsically preferred regiochemistryn another
stereoselectivities can be expected relative to reactions P€study involving a different surfactant 1,3-diene and surfactant
Ermeg |nbconven(tj|onal organlchsolver?tglnlpartlculag J. B'III' dienophiles, modest regioselectivity was obtaihdthere have
- N. Engberts and co-workers have recently reported a million- peen, 5 fey reports of the effect on regiochemistry of performing
fold rate acceleration of a DietsAlder reaction resulting from  icis—Alder reactions in HO alone’
combined Lewis acid a_nq m'ce”af _cataly5|_s 'WQ’G and Herein we report the results of a study of regioselectivity
er_1hanced enantlc_)selgctlvny in a chiral Lewis acid-catalyzed control in Diels-Alder reactions of surfactant 1,3-dientwith
Diels—Alder reaction in HO.* On the other hand, there have surfactant dienophileg.” Within surfactant pairsla and 2a,

*To whom correspondence should be addressed. Telephone: 307-766-2Nd1b and2b, the substituted 1,3-diene and dienophile groups

4335. FAX: 307-766-2807. e-mail: DAJ@uwyo.edu. are separated from the quaternary ammonium headgroups by
(1) For reviews, see (a) Brieger, G.; Bennett, J.Qfhem. Re. 198Q

80, 63. (b) Sauer, J.; Sustmann, fgew. Chem., Int. Ed. Endl98Q 19, (4) Jaeger, D. A.; Shinozaki, H.; Goodson, P.JA.Org. Chem199]

779. (c) Oppolzer, WAngew. Chem., Int. Ed. Endl977, 16, 10. 56, 2482.
(2) For examples, see (a) Engberts, J. B. FPNre Appl. Chem1995 (5) (a) Jaeger, D. A.; Wang, J. Org. Chem1993 58, 6745. (b) Jaeger,

67, 823. (b) Garner, P. P. I@rganic Synthesis in WateGrieco, P. A., D. A.; Wang, JTetrahedron Lett1992 33, 6515. (c) Jaeger, D. A.; Wang,

Ed.; Blackie Academic and Professional: London, 1998; p 1. (c) Pindur, J.; Goodson, P. AJ. Crystallogr. Spectrosc. Re$993 23, 955.

U.; Lutz, G.; Otto, C.Chem. Re. 1993 93, 741. (d) Meijer, A.; Otto, S.; (6) (a) Casetta, M.; Colonna, S.; Manfredi, Bazz. Chim. Ital1989

Engberts, J. B. F. Nl. Org. Chem1998 63, 8994. (e) Breslow, R.; Rideout, 119 533. (b) Colonna, S.; Manfredi, A.; Annunziata, Retrahedron Lett
D. C. J. Am. Chem. So&98Q 102, 7816. (f) Braun, R.; Schuster, F.; Sauer, 1988 29, 3347.
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Tetrahedron Lett1998 39, 2211, and references therein. Su, D.Tetrahedron Lett1999 40, 257. (b) Su, D.; Jaeger, D. Aetrahedron
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aKey: (a) MeLi, THF,—78°C; (b) 4; (c) 6; (d) Mel, THF, 25°C.

Scheme 2

HSCH,CH,N"HMe, CF —22=  [S(CH,)oNMe,l,

8 6a
c " _ _db e
HO(CH,)gCl — = HO(CHy)gN*MeoNH, CIm ——— HO(CH,)gNMey; ——

9 10
b
HaN*=CS(CHy)gN*HMe, 2 Br . HS(CHy)sNMe; b, [S(CH)sNMesl,
1 12 6b
aKey: (a) NaClQ, MeOH-H0, 0°C; (b) NaOH; (c) MeNNH,,
50 °C; (d) NaNQ, 4 M HCI, 0°C; (e) 48% HBr, HNCSNH,, reflux.

tethers of two and six methylene units, respectively. The total
number of carbon atoms in the tether and terminal alkyl chain
of each surfactant is 14.
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Results and Discussion

Syntheses. The synthesis of surfactant 1,3-dienésis
summarized in Scheme 1. 1,3-DieB&was transformed into
1,3-dienes7 in a one-pot sequence of reactions. The reaction
of 3 with MeLi was followed by that of the resultant carbanion
with commercially available Me(ChinSiMexCl (4a, m = 11,

b, m = 7) to give 1,3-diene%. Then the reaction ob with
MeLi was followed by that of the resultant carbanion with
[S(CH)nNMey]2 (6a, n = 2; b, n = 6) to give7. Quaternization
of 7 with Mel gavel.

Disulfides6 used above were prepared as outlined in Scheme

2. Commercially availabl® was converted intéa. Quaternary
hydrazinium chlorid®, obtained from the reaction of 6-chloro-
1-hexanol with N,N-dimethylhydrazine, was converted into
amino alcohol10. The reaction ofl0 with hydrobromic acid
and thiourea gave isothiuronium salt, which without isolation
was hydrolyzed to yield amino thidl2. Then12was converted
into 6b.

The synthesis of amino diestet4 and surfactant dienophile
2a is outlined in Scheme 3b was prepared previously by
another pathwa§2-°The reaction of maleic anhydride with HO-
(CH2)2,NMe, or 10 gave half estersl3, which were then
esterified to givel4. Quaternization ofl4awith Mel gave2a

By surface tensiometry (du Nguing) the critical micelle
concentrations (cmcs) dfa, 1b, 2a, and2b in H,O at 25°C
are 0.75x 104, 1.0 x 104 0.30 x 1073, and 4.4x 103
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Scheme 3
o) (0]
Y 2 ' O(CHy),NMe, b
HO
o O 13a,n=2
b,n=6
o]
1 O(CHZ)HNMGQ C 2a
Me(CHz)mO 2

O 14a,n=2;m=11
b,n=6m=7

aKey: (a) HO(CH).NMe; or 10, CsHsMe, reflux; (b) Me(CH)mOH
(m= 7 or 11), DCC, DMAP, CHClI,, 25°C; (c) Mel, MeCN, 25°C.

M,%abrespectively. The Krafft temperatures in®iof 1a, 1b,
and2b are <25 °C, and that oRRa is ca. 45°C.

Diels—Alder Reactions. Diels—Alder reactions ofl with
exces2 in H,O at 25(35)°C, with added 4ert-butylcatechol,
gave cycloadduct$5 and 16. Several reactions dfb and 2b

Me(CHo)mMeoSi.  S(CHp)N*Meg X~

Me(CHp)mOoC  COn(CHp) N*Meg X~

15a,n=2;m=11
b,n=6;m=7

Me(CHo)mMeySi.  S(CHyp)N*Meg X~

OH

17

X~ MesN*(CH2),0,C~  COL(CHp)mMe

16a,n=2; m =11
b,n=6,m=7

were performed with added salicylate anidr7,(from sodium
salicylate). Each crude product mixture was analyzedby
NMR and/or analytical reversed-phase HPLC, giving 115
16 ratio and the yield ofl5 + 16. Preparative reversed-phase
HPLC afforded separatetbb and 16b. The results are sum-
marized in runs +14 of Table 1.

Diels—Alder reactions of aminegand14, with added 4tert-
butylcatechol, were performed insBsMe at 75-85 °C to give
regioisomeric cycloadducts8 and19. Crude product mixtures

Me(CHp)nMe,Si.  S(CHy),NMe,

Me(CHy)mO,C  CO,(CHp)sNMe,

18a,n=2; m=11
b,n=6,m=7

Me(CHp)mMe,Si.  S(CH,),NMe,

MeoN(CH2),0,C° CO,(CHp)Me

19a,n=2; m =11
b,n=6,m=7

containingl8b and19b were analyzed by analytical reversed-
phase HPLC, and MPLC on silica gel of all crude product
mixtures affordedl8 and 19. The results are summarized in

runs 15-18 of Table 1. Separately8 and 19 were converted



Diels—Alder Reactions of Surfactant 1,3-Dienes

Table 1. Diels-Alder Reactions

1,3-diene dienophile reactn reactn

concn, concn, temp, time, yield regioisom
run no. M no. M mediunt °C h  (%)P raticf
1 1la 0.0078 2a 0.013 HO 25 40 79 g
2 1la 0.0081 2a 0.013 HO 25 25 83 26:1
3 1la 0.0086 2a 0.014 HO 25 48 70 36:1
4 la 0.019 2a 0.027 HO 35 48 98 28:1
5 1b 0.021 2b 0.082 HO 25 21 85 6.7:1
6 1b 0.020 2b 0.074 HO 25 52 95 6.6:1
7 1b 0.024 2b 0.098 HO 25 45 6.6:1
8 1b 0.030 2b 0.12 HO 25 22 85 6.4:1
9 1b 0.031 2b 012 HO 25 26 86 6.6:1
10 1b 0.038 2b 0.15 HO 25 45 6.7:1
11 1b 0.015 2b 0.056 HO" 25 46 86 14:1
12 1b 0.030 2b 0.11 HO" 25 46 85 14:1
13 1b 0.030 2b 0.11 HO" 25 46 82 13:1
14 1b 0.030 2b 0.12 HO" 25 25 52 12:1
15 7a 0.066 14a 0.14 GHsMe 75 36 74 1:1.6
16 7a 0.066 14a 0.15 GHsMe 80 48 84 1:1.3
17 7b 0.076 14b 0.17 GHsMe 75 24 71 1:1
18 7b 0.12 14b 0.29 GHsMe 85 24 71 1:1

a Reaction mixtures containedtdrt-butylcatechol (16-11 mol %
with respect to 1,3-diene in runs-10 and 15-18, and 23 mol % in
runs 11-14).° Determined by*H NMR analysis of crude mixtures of
products and unreacted starting materialda + 16ain runs 1-4;
15b+ 16bin runs 5-14; 18a+ 19ain runs 15 and 1618b + 19bin
runs 17 and 18 In runs 2-4, 15d16aratios determined by HPLC

analysis of crude mixtures of products and unreacted starting materials.

41n runs 5-14, 15/16b ratios determined bjH NMR and/or HPLC

analysis of crude mixtures of products and unreacted starting materials.

¢In runs 15 and 1618&19aratios determined from masses of isolated
18a and 19a fIn runs 17 and 1818W/19b ratios determined from
masses of isolatetBb and19b and by HPLC analysis of crude mixtures
of products and unreacted starting materialdo 16a was detected
by 'H NMR analysis of the crude mixture of products and unreacted
starting materials? The reaction mixtures of runs ¥4 contained
0.060, 0.086, 0.12, and 0.13 M sodium salicylate, respectively.

into 15 and 16 (X = 1), respectively, by quaternization with
Mel in MeCN.

The Diels-Alder reactions of surfactanté and 2 were
performed under mixed micellar conditions at concentrations
well above their respective cmc values. An excess of cycload-
duct 15 over 16 was obtained in each run. The former is the
expected regioisomer if and2 react in their preferred aligned
orientations within a mixed micelle, with the quaternary
ammonium headgroups at the aggregaigO interface and the
remainder of each surfactant extended into the mixed micelle
interior. These orientations fata and 2a are represented in
Figure 1. For simplicity, a flat interface is illustrated, whereas
that of a micelle is curved, and the alkyl chains are shown in
fully extended conformations, although they are most likely
folded?® Approximation of the diene and dienophile units for
reaction requires mobility of and/or2 along their radial axes.
Cycloadductl6 results from the reaction of misalignédind?2
within the mixed micelles and/or within the bulk aqueous phase.
The latter involvesl and 2 in monomeric and/or premicellar
forms10® The orientational effects in both are expected to be
less than those within the mixed micelles. Theed-butylcat-
echol in each reaction mixture likely resides at the aggregate
H,0 interfacel! resulting in an indeterminate effect, if any, on
the 15/16 ratio.

(9) (@) Menger, F. M.; Dulany, M. A.; Carnahan, D. W.; Lee, L. H.
Am. Chem. Sod 987 109, 6899. (b) Menger, F. M.; Doll, D. WJ. Am.
Chem. Soc1984 106, 1109, and references therein.

(10) Bunton, C. A.; Bacaloglu, R1. Colloid Interface Sci1987 115
288.

(11) Suzuki, S.; Green, P. G.; Bumgarner, R. E.; Dasgupta, S.; Goddard,
W. A, lll.; Blake, G. A. Sciencel992 257, 942.

(12) For a discussion of Hammettvalues for (CH),N*Mes (n = 0—3),
Me, COR, and NMe, see ref 7b.
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H,0
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Me,Si” X | ©
(0]
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Figure 1. Preferred orientations ol5a and 16a at a surfactant
aggregate-H,0 interface.

The performance of DietsAlder reactions under unaggre-
gated conditions in kO is impractical given the low cmcs af
and2. But nevertheless it is interesting to consider the intrinsic
regiochemical preferences that would be expected in the
cycloadditions ofl and?2 in the absence of interfacial orienta-
tional effects. The proximity of the positively charged headgroup
to the substituted dienophile unit renders the ester group at
carbon 1 of2a more electron withdrawing than the ester group
at carbon 2213 For a 2,3-disubstituted 1,3-diene bearing thio
and silyl groups, the former is expected to direct the regiose-
lectivity of its Diels—Alder reactiond# The electron-withdraw-
ing inductive effect of (CH),N*Mez within 1ashould not alter
this expectation. Overall, the reactionlafand2ais predicted*
to give an excess of cycloaddubba over 15a Note that this
expectation is indeed opposite to the regiochemical preference
obtained in the mixed micellar system under the influence of
interfacial orientational effects (runs-#). The cycloaddition
of 1b and 2b should display no regiochemical preference in
the absence of interfacial orientational effects, since the sub-
stituents at carbons 1 and 2 witH, which contains a tether
of six methylene units, are close to being both sterically and
electronically equivaleit with respect to the dienophile reaction
center.

In runs 1114, containing addeti7, the15b/16b ratios were
higher than those in runs-8L0 without17. It is known that the
addition of17to aqueous solutions of cationic surfactants effects
the formation of threadlike micellé8.The higher ordering in
these systems associated with the transition from spherical to
threadlike micelles is apparently accompanied by greater
interfacial ordering that leads to greatesb/16b ratios.

A 1:1.4 ratio of regioisomer&8aand19a, respectively, was
obtained in the DielsAlder reaction of nonsurfactant analogues
7aandl4ain C¢HsMe (runs 15 and 16). The modest excess of
19aover 18ais consistent with steric effects but inconsistent
with electronic effects. The former involves an unfavorable

(13) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165.

(14) Kahn, S. D.; Pau, C. F.; Overman, L. E.; Hehre, W.. Am. Chem.
Soc 1986 108 7381.

(15) For examples, see (a) Clausen, T. M.; Vinson, P. K.; Minter, J. R;
Davis, H. T.; Talmon, Y.; Miller, W. GJ. Phys. Cheml992 96, 474. (b)
Shinkata, T.; Imai, S.; Morishima, Y.angmuir1997, 13, 5229. (c) Anet,

F. A. L. J. Am. Chem. Sod 996 108 7102.
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interaction between the large dodecyl-containing substituents
within the cycloaddition transition state leading18a, which
is unmitigated by hydrophobic association as within mixed
micellar 1a and 2a. Electronic effects preditt an excess of
18a over 19a as the result of regiochemical direction by the
thio group of7a and a greater inductive electron withdrawal
by the dodecyl ester group df4a relative to its 2-{,N-
dimethylamino)ethyl ester grodg.3

A 1:1 ratio of regioisomerd8b and 19b, respectively, was
obtained in the DielsAlder reaction of nonsurfactant analogues
7b and14b in CsHsMe (runs 17 and 18), consistent with the
expectation that this cycloaddition should display no regio-

chemical preference since the substituents at carbons 1 and 2

within 14b, which contains a tether of six methylene units, are
close to being both sterically and electronically equivdfenith
respect to the dienophile reaction center. The 1:1 ratib8tf
and19b is consistent with the likelihood noted above that the
cycloaddition oflb and 2b would display no regiochemical
preference without interfacial orientational effects.

The 15a16aratio of 30:1 obtained in the cycloaddition of
laand2ais substantially greater than th&k/16bratio of 6.6:1
obtained fromlb and2b. The greater regioselectivity with the

Jaeger et al.

CaHi7 —@—s SO(CHQ,;N*Mes Br

)/ \/\

20
Me(CH2)7OS S—@—(CHZ)4N*MegBr‘

/,S\\

o

21
Me(CH2)7©—s S—@—(CH2)4N+Me3X'
Me(CH,),0,C"

22
Me(CH2)7@S s—@—wmw*ms X

X~ MesN*(CHp)60,C°  COL(CHa)Me
23

COz(CH2)6N+Me3 X

former pair is attributed to the shorter tether between their found in the Supporting Information. The results from these

quaternary ammonium headgroups and 1,3-diene and dienophil
groups. The shorter tether provides less opportunity for mis-
alignment of these reactive groups, which can lead to minor
regioisomerle.

A previous stud$*Pincluded the cycloaddition of surfactant
dienophile2b with surfactant 1,3-dieng0, which was generated
in situ at 100°C by the thermal extrusion of S@&om precursor
surfactant21. Even though the lengths of the tethers between
the quaternary ammonium headgroups and dienophile group
of 1b and20 are comparable, thE5k/16bratio of 6.6:1 obtained
from 1b and2b in the present study at 2% is more than twice
the 22/23 ratio of 3.0:1 obtained fron20 and2b at 100°C 5ab
The greater regioselectivity obtained with the former pair is
attributed at least in part to the expected greater organizational
abilities of micelles at low compared to high temperatures. Also,
1b, unlike 20, does not contain aromatic groups, which can
associate with quaternary ammonium headgrdifiss possible
that 20's aromatic groups promote looping to the mixed
micelle—H,0 interface, where they can interact with quaternary
ammonium groups, resulting in misalignmen@&fand2b, with
resultant formation of minor regioisomas.

As formed, cycloadductd5 and 16, which are surfactants
themselves, no doubt remain within the mixed micellesl of
and 2, thereby changing the detailed nature of the aggregates
as the reaction proceeds. But note that about the &
ratio was obtained in run 14 as in runs-113, suggesting that
the regioisomer ratio does not change appreciably with the exten
of reaction. Thus regiochemical control in the cycloadditions
derives from interfacial effects that are relatively insensitive to
specific aggregate composition, as was the case in the cycload
dition of 2b and20to give 22 and23.521t is not known whether
the1516ratios are kinetically or thermodynamically controlled,
although the former is more likely.

Characterization of Diels—Alder Cycloadducts. Surfactant
cycloadductd 5 and16 and nonsurfactant cycloaddudi8 and
19 were characterized byH and13C NMR spectroscopy and
FAB high-resolution mass spectrometry. Cycloadda&@and
16awere also characterized Bjl,'H COSY andH,'H ROESY
NMR spectroscopy in both GJOD and CDCY; spectra are

(16) For examples, see: Bacaloglu, R.; Bunton, C. A.; Cerichelli, G;
Ortega, FJ. Phys. Chem1989 93, 1490, and references therein.

D methods provided definitive structural assignmentslfsa

and 16a and, in turn,18a and 19a since the former were
prepared from the latter as noted above.

The trans stereochemistry of cycloaddudfs and 16 is
consistent with the known stereochemical course of Bialgler
reaction$’” and with the trans stereochemistry established for
closely related cycloadduct22 and 2352¢ On the basis of
analogy to the known half-chair conformatinof 22 in

SCDCIg,Sa’C it is probable thatl5a also adopts a half-chair

conformation with diequatorial ester groups in CR&hd CD»-

OD as well. Since the signals for the cyclohexene ring hydrogens

in the™H NMR spectra ofl5aand16ain CD;OD have similar

appearanced,6a should also have a half-chair conformation.

The probable half-chair conformations thaand16ain CDs-

OD with diequatorial ester groups are illustrated in Figure 2.
In the'H,'H ROESY NMR spectrum (400 MHz) of the major

diastereomer of the cycloadduct patia 16ain CDsOD, several

pertinent correlations were observed, which correspond to

hydrogens on both carbori-dnd carbon-2interacting with two

of the following three hydrogen sets: ;Me3, Ny*Mes, and

one of the hydrogens on carboli-The uncertainty derives from

overlap of the signal for one of the'iWe; groups with that for

a hydrogen on carbonl The assignments for the fiNles

groups of Figure 2 are arbitrary. Regardless of which hydrogen

sets are involved with hydrogens on carbdrafid carbon-2

the correlations indicate through-space interactions between the

Ywo chains bearing the We; groups.

In thetH,'H ROESY NMR spectrum (400 MHz) of the minor
diastereomer of the cycloadduct patig 16ain CDsOD, several

pertinent correlations were observed, which correspond to
hydrogens on both carbori-dnd carbon-2interacting with one

of the following three hydrogen sets: ;Mes, Ny™Mes, and

one of the hydrogens on carbofi-:1As above, the uncertainty
derives from overlap of the signal for one of theMes groups
with that for a hydrogen on carbori~1These correlations do
not require, but do not preclude, through-space interactions
between the two chains bearing theNes groups.

(17) (a) Sauer, JAngew. Chem., Int. Ed. Engdl967, 6, 16. (b) Telan,
L. A; Firestone, R. ATetrahedron1999 55, 14269.

(18) Anet, F. A. L.; Freedberg, D. I.; Storer, J. W.; Houk, K. N.Am.
Chem. Soc1992 114, 10969.
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Np*Meg I~
. 50 -
E 40
3 15a
E
2 30 -
3
0
8
220 4
3 16a
£
2 10 -
M SiMe, 0 T T — T T
/ 0 20 40 60 80 100 120 140
Me(CHa)1 H area per molecule (A%molecule)
16a Figure 3. Surface pressure vs molecular area isotherms for the
Figure 2. Half-chair conformations ot5aand16awith diequatorial compression of monolayers @baandl16aon a pH 8.0 buffer (10.0
ester groups. mM Tris, 1.0 M NacCl) subphase at 2& with a compression rate of

3 A2min/molecule. Isotherms are representative of four different

The!H,*H ROESY NMR results obtained in GDD suggest experiments; vertical bars correspond to meam, and horizontal bars
that the major diastereomer 5a An inspection of CPK to mean= ¢ for molecular areas at lift-off and collapse.
molecular models indicates that interactions between the two

chains bearing the NMes groups are much more probable for hydrophilic quaternary ammonium headgroups are at the

15a than for 16a, given their relative dispositions on the interface and the dodecyl chains are extended into the air. Now
cyclohexene rings. consider a compact conformation for eactibaand16awithin

In thelH,2H ROESY NMR spectrum (400 MHz) of the major which the two quaternary ammonium headgroups as well as
diastereomer of th#5a,16apair in CDC, a strong correlation the two fully extended dodecyl chains are side-by-side along a

was observed which corresponds to one of the hydrogens onCOMMON axis, separated by the substituted cyclohexenéting.
carbon-3 interacting with one or both of the dodecyl chains. !tiS unlikely that bothl5aand16aare in such a conformation,
Only a weak correlation, if any, was observed between one of Nowever, with the quaternary ammonium headgroups at the
the hydrogens on carbon-6 or the hydrogen on carbon-4 with !nterface gnd th_e remaining structural units extended directly
one or both of the dodecyl chains. In theH ROESY NMR into the air. An inspection of CEK molecular models of these
spectrum (400 MHz) of the minor diastereomer of @ 16a compact conformations clearly indicates th&ia has a lesser

pair in CDCE, two correlations of comparable intensity were Cross sectional area thdréa, opposite to the actual limiting
observed, which correspond to one or both of the hydrogens molecular areas. The discrepancy between expectations based

on each of carbon-3 and carbon-6 interacting with one or both On these conformations and the experimental results may derive
of the dodecy! chains. from a preference for the interface of one or both of the ester
The !H.!H ROESY NMR results obtained in CDChre groups of15a but not of 16a An ester group has a weak

consistent with the assignmenttBaas the major cycloadduct. ~ atraction for HO within a monolayer, relative to the strong
It is reasonable that a hydrogen on carbon-3.6& interacts attraction of a quaternary ammonium grotip.

with one or both dodecyl chains, given the proximity of carbon-3 _ N summary, the DielsAlder reaction ofla and2a gave a
to the chain-bearing carbons, and that one or both hydrogens30:1 ratio of cycloadducts5aand16a, respectively, and that

on each of carbon-3 and carbon-6ldfainteract with an alkyl ~ ©f 1b and2b a 6.6:1 ratio of15b and 16b, respectively. The
chain, given the proximity of carbon-3 and carbon-6 to chain- greater regioselectivity of the former re_actlon |s_ascr|bed to the
bearing carbons. shorter tether betweelq and 2d’s reactive functlonal groups
The structural assignments for isomdisb and 16b were ar!d quaternary ammonium headgroups. Interfacial and 'related
made by analogy to those fdi5a and 16a The assignments _onentatlonal efft_ects as_somateq Wlth surfactant aggregatlo_n_ can
for 15 and 16 are also consistent with their HPLC behavior mpart substantial regioselectivity to a thermal cycloaddition
and analogy to closely related systeis. reacthn. In a monolayer study df5a and 1§b, the latter
Monolayer Study. Surface pressure vs molecular area occupied less area per molecule at the-&isO interface.

isotherms forl5a and 16a on a pH 8.0 buffer at 23C are
illustrated in Figure 3. The two diastereomers gave decidedly
different isotherms, with lift-off areas of 128 10 and 90+ 8 General Procedures and MaterialsH (400 MHz) and'C (100.6
AZimolecule forl5aand16a respectively. At lift-off, molecules ~ MHz) NMR spectra were recorded in CD@Qinless noted otherwise
at the air-H,0 interface begin to interact with each other, and With Me;Si or CHCE (9 7.27 relative to MgSi) and CDCY (center
as compression continues, intermolecular interactions produce|1'ne at 51377-00 relative to MgSi) as internal standards, respectively.
measurable surface pressures. For B&éand16a, the surface H and **C NMR spectra recorded in GDD employed CBHOD

- ; . . . center line ab 3.30 relative to MgSi) and CROD (center line ad
pressures increase monotonically after lift-off with decreasing 29.00 relative to MgSi) as internal s)tan dards res(pectiv elwalues

area per molecule, until monolayer film collapse begins at ca. ;¢ iy hertz. High-resolution FAB MS was performed at the Washington
50 and 47 mN/m, respectively. The limiting molecular areas ypjyersity Resource for Biomedical and Bioorganic Mass Spectrometry.
(just prior to coll_apse) are ca. 93 and 6%/volecule forl5a GC-MS was performed with a 30 m 0.25 mm (i.d.) capillary column
and16a respectively. : _

It is interesting to consider the orientations X&a and 16a relgggj isilg'e?d“éﬁgtgg gﬂg g3°f ref 5a for analogous conformations of closely
with respect to the arer(? mterface at their limiting molecular (20) Gaines, G. L., Jinsoluble Monolayers at LiquidGas Interfaces
areas. At the outset, it is reasonable to assume that theinterscience: New York, 1966; pp 136.39.
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(HP 190915-433) containing HP-5MS (cross-linked 5% Ph Me silicone; 33.56, 31.89, 29.59, 29.35, 29.33, 29.67, 29.62, 24.84, 23.77, 22.66,
film thickness 0.25um). Medium-pressure liquid chromatography 15.24,14.11;-2.65. FAB HRMS (3-nitrobenzyl alcohol matrix) calcd
(MPLC) was performed with a BaestroSeparo AB column packed  for Cy3HigNSSi (cation) 398.3277, found 398.3276.

(1.5 cmx 10 cm) with silica gel (EM 9385). Sonication was performed  6-(N,N-Dimethylamino)-1-hexanol (10)23 A modified literature
with a Branson 2200 (125 W) ultrasonic cleaner. The cac values, procedur& was followed. A mixture of 11.4 g (83.7 mmol) of 6-chloro-
averages of two runs with different samples for each surfactant, were 1-hexanol (Aldrich) and 6.07 g (101 mmol) bN-dimethylhydrazine
obtained from plots of surface tension (du yaing) vs [surfactant] was held at 50C overnight, and the resultant waxlike solid was washed
using a Fisher model 20 tensiometer. Krafft temperatures were with Et,O to give9 that was used without further purificatiod NMR
determined according to a literature proceditréAnalytical and (CDs0OD) 6 3.57 (t,J = 6.4, 2H, CHO), 3.48 (m, 2H, CkN), 3.30 (s,
preparative reversed-phase HPLC were performed with evaporative light 9H, (CH,)sN), 1.85 (m, 2H, &1,CH;N), 1.56 (m, 2H, ®&,CH,0), 1.42
scattering detection (Sedex 55) on a 25-gr4.6-mm (i.d.) 8«m C8 (m, 4H, CHCH,). A solution of 17.4 g (0.252 mol) of NaNOn 60

column (Rainin R0086300C8) and a 25-cm21.4-mm (i.d.) 8zm mL of H,O was added dropwise to a solution of the ab&ve 60 mL

C8 column (Rainin R0O080320C8), respectively. Eluants were prepared of aqueos 4 M HCI held at 6-5 °C. After the resultant mixture was
with ammonium trifluroacetate and HPLC-gradglH MeOH, MeCN, stirred at 5-10 °C for 1 h and then at 25C for 1 h, it was basified to
and CHCl,. Solvents were distilled and stored under Retrahydro- pH 13.5 wih 3 M NaOH and extracted three times with 80-mL portions
furan (THF) was freshly distilled from benzophenone K ketyl. Pentane of CHCls. The combined extracts were dried and rotary evaporated to
and hexanes were distilled from Caknd stored ove4 A molecular leave a residue that was distilled (Kugelrohr) to give 8.78 g (72%) of

sieves; EIN was likewise distilled and stored over KOH. Both &€H 10as an oil: 'TH NMR 6 3.64 (t,J = 6.6, 2H, CHO), 2.27 (tJ= 7.5,

Cl, and GHsMe were dried and stored ovéd A molecular sieves. 2H, CHN), 2.22 (s, 6H, (CH).N), 1.58 (m, 2H, CH), 1.48 (m, 2H,

Extracts were dried over N&0,. All melting points were taken in open CHy), 1.36 (m, 4H, (CH),); *C NMR 6 62.73, 59.88, 45.63, 32.90,

capillary tubes and are uncorrected. Ratios describing the compositionsp7.73, 27.31, 25.83.

of solvent mixtures represent relative volumes. Elemental analyses were 6-(N,N-Dimethylamino)-1-hexanethiol (12)25 A modified literature

performed by Atlantic Microlab, Norcross, GA. proceduré was followed. A mixture of 4.85 g (33.4 mmol) dfo,
Bis[2-(N,N-Dimethylamino)ethyl] Disulfide (6a)?* A solution of 3.12 g (41.0 mmol) of thiourea, and 11.4 mL (0.101 mol) of 48%

2.22 g (24.5 mmol) of NaCl@in 35 mL of H,O was added dropwise  hydrobromic acid was refluxed for 3.5 days to giv& which was not

to a stirred solution of 4.56 g (32.2 mmol) of B;\-dimethylamino)- isolated. After 4.05 g (0.101 mol) of NaOH was added to the reaction
ethanethiol hydrochlorides] (Aldrich) in 35 mL of MeOH held at - mixture at 25°C, it was refluxed for an additional 1.5 h. The organic
0-5 °C. After the reaction mixture was stirred at 25 for 30 min, it phase was separated while the reaction mixture was still hot, and the

was rotary evaporated, and the residue was basified to pH 11 with 3queous phase was diluted with 45 mL ofH basified to pH 13 with
aqueous 10% NaOH and extracted with three 60-mL portions of €HCI aqueos 3 M NaOH, and extracted with three 50-mL portions of CHCI
The combined extracts were dried and rotary evaporated to leave 2.74The combined organic phases were dried and rotary evaporated, and
g (82%) of6a 'H NMR 6 2.79 (m, 4H, 2 CHS), 259 (m, 4H, 2 the residue was distilled (Kugelrohr) to give 4.20 g (78%)L@fas an

CHzN), 2.26 (S_, 12H, 2 (_Cl;)zN); 13C; NMR_(S 58.98, 45.58,_ 37.15. oil: *H NMR 6 2.53 (q,J = 7.4, 2H, CHS), 2.28 (t,J = 7.5, 2H,
2-[2-(N,N-Dimethylamino)ethylthio]-3-dimethyldodecylsilyl-1,3- CH:N), 2.23 (s, 6H, (CH)2N), 1.63 (p,J = 7.3, 2H, CHCH2CH,S),

butadiene (7a).Into one side of a double round-bottom flask was placed 1 25-1.51 (m, 7H, (CH)s, SH). GC MSm/z 161 (M), 128, 58.

1.49 g (3.92 mmol) of 2,3-bis(trimethylstannyI)-l,S-butadieB)? n Bis[6-(N,N-dimethylamino)hexyl] Disulfide (6b). A modified

7.0 mL of THF and into the other side, 0.808 g (3.88 mmolpafin literature proceduféwas followed. A solution of 4.21 g (26.1 mmol)
3.0 mL of THF. To the diene solution at78 °C (dry ice-acetone) of 12in 40 mL of MeOH was added dropwise to a stirred solution of
3.10 mL (3.94 mmol) of 1.27 M MeLi in O was added dropwise 1 79 g (19.8 mmol) of NaCl©in 60 mL of H;0 held at -5 °C. After
over 8 min. The resultant yellow solution was stirred-at8 °C for 10 the reaction mixture was stirred at 28 for 30 min, it was rotary

min, followed by the addition of a solution of 1.05 g (3.99 mmol) of evaporated, and the residue was diluted with 40 mL g® Hoasified
chlorododecyldimethylsilaned) (Aldrich) in 3.0 mL of THF. After to pH 13 with 3 M NaOH, and extracted with three 60-mL portions of
the reaction mixture was stirred a78 °C for 20 min, 3.10 mL (3.94 ¢, The combined extracts were dried and rotary evaporated to
mmol) of 1.27 M MeLi in EtO was added, followed by the addition  jeave 4.19 g (100%) 06b as an oil that was used without further
of the6asolution in one portion. After the reaction mixture was stired ) rification: *H NMR o 2.68 (t,J = 7.4, 4H, 2 CHS), 2.38 (t,d =
at—78°C for 20 min, it was added to 50 mL of aqueous 1.5 M NaOH 7.5, 4H, 2 CHN), 2.23 (s, 12H, 2 (Ch)2N), 1.69 (p,J = 7.4, 4H, 2

and extracted with three 50-mL portions of 1:1,@&tpentane. The CH:CH,CH;,S), 1.48 (p,J = 7.4, Hz, 4H, 2 CHCH,CH,N), 1.25-
combined extracts were dried and rotary evaporated to give an oil that 1 45 (M, 8H, 2 (CH),); 3C NMR 6 59.99, 45.71, 39.26, 29.35, 28.69,
was chromatographed (MPLC) on silica gel with hexafegDAc 27.83, 27.30. GC M3z 160, 128, 58.

(100:0 to 20:80) as eluant to yield 0.198 g (13%)7afas an oil: *H 2-[6-(N,N-Dimethylamino)hexylthio]-3-dimethyloctylsilyl-1,3-

?&AR‘légi.QZ g?_i‘]gHz'gz' 71; C_H)7 E?;IZ (c(l:J 282.3’517H’ C;?_' 5(':03 (s, butadiene (7b).Into one side of a double round-bottom flask was placed
), 4.94 (s, 1H, CH), 2.78 (§ = 7.5, 2H, CHS), 2.57 (m, 2H, CEN), 1 10 42,90 mmol) o8 in 20.0 mL of THF and into the other side

ggg (s, Ggl_(lcgél\g 1'52_51'37 (GT-I 2%" (gwlflcogiﬂgég':sgg)z 0.605 g (2.90 mmol) of chlorodimethyloctylsilangbj (United Chemi-
66 (m, 2H, CHSI), 0.15 (s, 6H, (CH:Si); 92, cal Technologies) in 5.0 mL of THF. To the diene solution-&8 °C

147.17, 128.65, 108.43, 58.07, 45.27, 33.65, 31.67, 29.76, 29.74, 29.70Was added 2.20 mL (3.06 mmol) of 1.39 M MeLi inBt dropwise
29.65, 29.40, 29.39, 23.87, 22.74, 15.44, 14:22,64. FAB HRMS : . . ;
3-nitrob | alcohol matri led for@1.NSSi (M+ H) 384.3120 over 4 min. After the resultant bright yellow solution was stirred at
(3-nitrobenzy alcohol matrix) calcd forgHsNSSi ( ) ) ’ —78 °C for 20 min, it was transferred in one portion to the silane

found 384'.3110' . . . . solution at—78 °C. The resultant colorless mixture was stirred for 40
2-[[3-(Dimethyldodecylsily)-1,3-butadien-2-y[jthio]-N,N,N-ri- min at —78 °C, followed by the dropwise addition over 10 min of
methyl-1-ethanaminium lodide (1a). A mixture of 0.198 g (0.516 2.40 mL (3.34 mmol) of 1.39 M MeLi in BO. The yellow solution,
mmol) of 73 0.223 g (1.57 mmol) of Mel, and 15 mL of THF Waos held at—78 °C, was stirred for 10 min, followed by the addition of
2?rlrzda:t;f;m%\;grhnc:%zt:;%;_?ﬁ%Svéa‘;oggt?g 30 gl;e60.12:8 (%_(31 %) 0.995 g (3.11 mmol) 06b in 5.0 mL of THF. The resultant colorless
5.55 (d.J = 2.6, 1H, CH), 5.21 (s, 1H, CH), 5.17 (s, 1H, CH), 3.69 solution was stirred at 78 °C for 10 min and then poured into a mixture
(m, 2H, CHN), 3.55 (s, 9H, (CH)3N), 3.04 (m, 2H, CHS), 1.25 (s, (23) Andrews, K. J. M.; Bergel, F.; Morrison, A. lI. Chem. Sacl953
20H, (CH)10), 0.87 (t, 3H, CH), 0.62 (m, 2H, CHSi), 0.14 (s, 6H, 2998,
(CHs),Si); *3C NMR ¢ 150.31, 144.24, 130.00, 114.00, 65.70, 54.07, (24) Smith, R. F.; Coffman, K. Bynth. Commuri982 12, 801.
(25) Watanabe, T.; Matsuo, M.; Taniguchi, K.; UedaChem. Pharm.
(21) Danarcq, M.; Dervichian, DBull. Soc. Chim. Fr1945 12, 939. Bull. 1982 30, 1473.
(22) (a) Loibner, H.; Pruckner, A.;"$ty A. Tetrahedron Lett1984 25, (26) Monteil, F.; Queau, R.; Kalck, B. Organomet. Chenmi994 480,
2535. (b) Suzuki, T.; Imaeda, K.; Kubota, M.; Takagi, }n. J. Pharm. 177.
Chem 195Q 22, 464. (27) Ramadas, K.; Srinivasan, Synth. Commurl995 25, 227.




Diels—Alder Reactions of Surfactant 1,3-Dienes

of 50 mL of aqueous 1.5 M NaOH and 100 mL of&t The organic
layer was extracted with 1.5 M NaOH, dried, and rotary evaporated.
The residue was chromatographed (MPLC) on silica gel with-CH
Cl,—MeOH (100:0 to 80:20) as eluant to give 0.546 g (49%Ybfas

a yellow oil: *H NMR 6 5.91 (d,J = 2.9, 1H, CH), 5.47 (dJ = 2.9,

1H, CH), 5.00 (s, 1H, CH), 4.84 (s, 1H, CH), 2.64 Jt= 7.4, 2H,
CH;,S), 2.29 (m, 2H, CkN), 2.26 (s, 6H, (CH).N), 1.64 (p,J = 7.4,

2H, CH,CH,S), 1.21-1.54 (m, 18H, (CH)s, (CH,)3), 0.89 (t,J = 6.9,

3H, CHs), 0.66 (m, 2H, CHSi), 0.14 (s, 6H, (Ch),Si); **C NMR o

J. Am. Chem. Soc., Vol. 122, No. 12, 2168

glycerot-trifluoroacetic acid matrix) calcd for £H4NO, (cation)
370.2957, found 370.2962.

6-(N,N-Dimethylamino)hexyl Hydrogen Fumarate (13b).To a
stirred mixture of 2.82 g (28.8 mmol) of maleic anhydride and 25 mL
of CeHsMe at 25°C was added dropwise during 10 min 4.35 g (30.0
mmol) of 10. Then the reaction mixture was refluxed fbh and rotary
evaporated, and the resultant oil was chromatographed (MPLC) on silica
gel with CHCl,—MeOH—-EN (100:0:0 to 0:92:8) to yield 2.23 g
(32%) of13b: mp 82-87°C; *H NMR 6 6.95 (d,J = 15.7, 1H, =

151.37, 148.00, 128.49, 107.60, 59.90, 45.54, 33.82, 32.16, 32.10, 29.51CHy), 6.62 (d,J = 15.7, 1H, CH=CHy), 4.17 (t,J = 5.9, 2H, CHO),

29.49, 29.19, 28.55, 27.61, 27.27, 24.05, 22.90, 15.64, 14.355.
FAB HRMS (3-nitrobenzyl alcohol matrix) calcd foro@146NSSi (M
+ H) 384.3120, found 384.3134.
6-[[3-(Dimethyloctylsilyl)-1,3-butadien-2-yl]thio]-N,N,N-trimethyl-
1-hexanaminium lodide (1b).A mixture 0.520 g (1.35 mmol) ofb,
0.57 g (4.0 mmol) of Mel, and 20 mL of THF was stirred at 25

2.83 (m, 2H, CHN), 2.69 (s, 6H, (CH):N), 1.70 (m, 2H, CH), 1.64
(m, 2H, CH), 1.44 (m, 2H, CH), 1.34 (m, 2H, CH); ¥*C NMR ¢
171.55, 166.87, 141.32, 128.82, 64.27, 57.93, 42.80, 28.83, 26.91, 26.15,
25.12. Anal. Calcd for GH>1NO40.5H,0: C, 57.12; H, 8.79. Found:
C, 57.37; H, 8.69.

6-(N,N-Dimethylamino)hexyl Octyl Fumarate (14b). A mixture

overnight and rotary evaporated. The residue was chromatographedof 1.75 g (7.19 mmol) ofL3b, 1.63 g (7.90 mmol) of DCC, 98.9 mg

(MPLC) on silica gel with CHCI,—MeOH (100:0 to 88:12) as eluant
to give 0.423 g (59%) olb as an amorphous solidH NMR ¢ 5.90
(d,J = 2.9, 1H, CH), 5.47 (dJ = 2.9, 1H, CH), 5.01 (s, 1H, CH),
4.85 (s, 1H, CH), 3.62 (m, 2H, GiN), 3.47 (s, 9H, (CH)3N), 2.64 (t,
J=17.1, 2H, CHS), 1.79 (m, 2H, E,CH,N), 1.64 (p,J = 7.2, 2H,
CH,CH,S), 1.46-1.55 (m, 4H, (CH)), 1.20-1.33 (m, 12H, (CH)s),
0.88 (t, 3H, CH), 0.65 (m, 2H, CHSi), 0.14 (s, 6H, (CH).Si); °C

NMR 6 151.21, 147.59, 128.59, 108.10, 67.32, 53.97, 33.80, 32.14,

(0.810 mmol) of DMAP, 0.936 g (7.19 mmol) of 1-octanol, and 35
mL of CH,Cl, was stirred under Nor 24 h and then filtered and rotary
evaporated. The resultant oil was chromatographed (MPLC) on silica
gel with hexanesEtOAc—EtN (100:0:0 to 60:15:25) to yield 1.17 g
(46%) of 14bas an oil:*H NMR 6 6.82 (AB,J = 18.0, 2H, CH=CH),

4.19 (t,J = 6.8, 4H, 2 CHO), 2.29 (t,J = 7.5, 2H, CHN), 2.25 (s,

6H, (CHs)N), 1.68 (m, 4H, 2 CH), 1.49 (p,J = 7.3, 2H, CHCH,-
CHy), 1.21-1.44 (m, 14H, (CH),, (CH,)s), 0.88 (t, 3H, CH); 13°C NMR

31.78, 29.50, 29.47, 28.64, 28.26, 25.67, 24.02, 23.31, 22.89, 15.60,0 165.32, 133.88, 133.78, 65.75, 65.59, 59.85, 45.59, 31.97, 29.37,

14.36,—2.44. FAB HRMS (3-nitrobenzyl alcohol matrix) calcd for
C23H4gNSSi (cation) 398.3277, found 398.3282.
2-(N,N-Dimethylamino)ethyl Hydrogen Fumarate (13a).To a
stirred mixture of 3.98 g (40.6 mmol) of maleic anhydride and 10 mL
of CeHsMe at 25°C was added 3.51 g (39.4 mmol) of R;N-
dimethylamino)ethanol (Aldrich) dropwise over 15 min. The resultant
dark purple reaction mixture was refluxed for 3.5 h and rotary
evaporated. A slurry of the residue and 40 mL of CH was filtered,

28.70, 28.68, 27.66, 27.25, 26.07, 22.84, 14.30. FAB HRMS (3-
nitrobenzyl alcohol matrix) calcd for £H3zsNO4 (M + H) 356.2801,
found 356.2773.

Diels—Alder Reactions.All Diels—Alder reactions were performed
under N, and the results are summarized in Table 1. In each run, the
total yield of cycloadducts was determined¥¥NMR analysis of the
crude mixture of products and unreacted starting materials, and the
ratio of regioisomeric cycloadducts was determined, as described below,

and the filirate was rotary evaporated to leave a solid that was by one or more or the following method$H NMR analysis; HPLC

recrystallized from MeOH to give 3.60 g (47%) ®8a mp 90—130
°C; 'H NMR (CD;0OD) 6 6.90 (d,J = 15.7, 1H, G,=CHy), 6.52 (d,
J=15.7, 1H, CH=CHy), 4.51 (m, 2H, CHO), 3.42 (m, 2H, CkN),
2.89 (s, 6H, (CH):N); 1*C NMR (CD;OD) 6 172.74, 167.31, 143.34,
129.14, 59.35, 57.00, 43.38. Anal. Calcd faHzNO,-H,0: C, 46.82;
H, 7.37. Found: C, 46.63; H, 7.22.

2-(N,N-Dimethylamino)ethyl Dodecyl Fumarate (14a)A literature
esterification proceduf® was followed. A mixture of 1.24 g (6.62
mmol) of13g 1.23 g (6.60 mmol) of 1-dodecanol, 1.50 g (7.27 mmol)
of N,N-dicyclohexylcarbodiimide (DCC), 88.7 mg (0.726 mmol) of
4-(N,N-dimethylamno)pyridine (DMAP), and 33 mL of GBI, was
stirred under Nfor 18 h and then filtered and rotary evaporated. The
resultant oil was chromatographed (MPLC) on silica gel with hexanes
EtOAc—EtN (100:0:0 to 60:30:10) as eluant to give 1.24 g (53%) of
14aas an oil:*H NMR ¢ 6.89 (AB,J = 15.8, 2H, CH=CH), 4.32 {t,
J=5.7,2H, CHO), 4.19 (tJ = 6.7, 2H, CHO), 2.65 (t,J = 5.6, 2H,
CH;N), 2.32 (s, 6H, (CH):N), 1.68 (p,J = 7.0, 2H, GH,CH;0), 1.27
(m, 18H, (CH)g), 0.89 (t, 3H, CH); 2°C NMR 6 165.27, 165.18, 134.17,

analysis; masses of isolated regioisomers. T5lg16b ratios in some

runs and thel8/19b ratios in others were obtained by both HPLC
analysis and eithetH NMR analysis or the masses of isolated
regioisomers, respectively. Since the same regioisomer ratio was
obtained in each instance by both methods, the relative response ratio
for the 15b,16b and 18b,19b pairs in their HPLC analyses is 1:1. It is
reasonably assumed that the relative response ratio in HPLC analysis
of the 15a16a pair is also 1:1.

(a) 1a and 2a.The procedure for run 3 is as follows, and those for
other runs were analogous. A mixture of 20.6 mg (0.0414 mmol) of
2aand 3.0 mL of HO was sonicated at 4% for ca. 5 min to give a
clear solution, followed by the addition of 0.45 mg (0.0027 mmol) of
4-tert-butylcatechol and 13.6 mg (0.0259 mmol) Id. The resultant
mixture was sonicated at 4% for 3 min and stirred at 25C for 48
h. Then the reaction mixture was diluted with MeCN and rotary
evaporated at ca. 43C to leave an amorphous solid, which was
analyzed byH NMR (400 MHz, CDC$) and analytical HPLC (eluant
= 0.020 M ammonium trifluroacetate in 85.5:9.5:5 Me€QH,Cl,—

133.51, 65.71, 63.23, 57.83, 45.90, 32.10, 29.82, 29.75, 29.69, 29.53,MeOH; flow rate= 1.0 mL/min; retention times= 3.5 min for2a, 4.2

29.41, 28.69, 26.06, 22.88, 14.31. FAB HRMS (3-nitrobenzyl alcehol
glycerottrifluoroacetic acid matrix) calcd for £H3zsNO, (M + H)
356.2801, found 356.2810.
(E)-2-[[[2-(Dodecoxycarbonyl)ethenyl]carbonyl]Joxy]N,N,N-tri-
methyl-1-ethanaminium lodide (2a). A mixture of 0.652 g (1.83
mmol) of 14a 0.798 g (5.62 mmol) of Mel, and 10 mL of MeCN was
stirred under Mat 25°C overnight and rotary evaporated. The residue
was recrystallized from ED-MeCN to give 0.640 g (70%) dta: mp
147-149 °C (dec);*H NMR) 6 6.87 (AB,J = 15.8, 1H, CH=CH),
4.76 (m, 2H, OG1,CH;N), 4.28 (m, 2H, CHN), 4.20 (t,J = 6.8, 2H,
CH,0), 3.59 (s, 9H, (CH)sN), 1.68 (p,J = 7.0, 2H, GH,CH;0), 1.26
(m, 18H, (CH)y), 0.88 (t, 3H, CH); °C NMR 6 164.74, 164.19, 135.83,

min for 16a 4.7 min for 1a, and 5.7 min forl5a). The results are
given in runs +4 of Table 1.

(b) 1b and 2b.The procedure for run 5 is as follows, and those for
other runs were analogous. A mixture of 33.1 mg (0.0630 mmol) of
1b and 3.0 mL of HO was sonicated at 28 for ca. 15 min to give
a cloudy solution, followed by the addition of 122 mg (0.245 mmol)
of 2band 1.0 mg (0.0060 mmol) of tert-butylcatechol. The resultant
mixture was stirred at 28C for 21 h, becoming clear by the end of
this time. Then the reaction mixture was diluted with MeCN and rotary
evaporated at ca. 43C to leave an amorphous solid, which was
analyzed byH NMR (400 MHz, CDC}) and analytical HPLC (eluant
= 0.020 M ammonium trifluroacetate in 90:10 MeEMN,O; flow rate

131.85, 66.09, 65.14, 59.00, 55.06, 32.10, 29.83, 29.78, 29.71, 29.54,= 1.0 mL/min; retention times= 6.2 min for 16b and 8.4 min for

29.43, 28.66, 26.03, 22.88, 14.33. FAB HRMS (3-nitrobenzyl alcehol

(28) (a) Hassner, A.; Alexanian, .etrahedron Lett1978 19, 4475.
(b) Neises, B.; Steglich, WAngew. Chem., Int. Ed. Engl978 17, 522.

15b). Preparative HPLC afforded separatébb and 16b (eluant=
same as for analytical HPLC; flow rate 20.0 mL/min; retention times
= 7.8 min for16b and 8.8 min forl5b). The results are given in runs
5—10 of Table 1. Controls demonstrated that any Did&der reaction
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of 1b and2b during workup did not affect th&5k/16b ratio and the
yield of 15b + 16h.

(c) 1b and 2b with Sodium Salicylate The procedure for run 13 is
as follows, and those for other runs were analogous. A mixture of 10.9
mg (0.0207 mmol) ofitb and 0.70 mL of HO was sonicated at 2%°
for ca. 15 min to give a cloudy solution, followed by the addition of
35.6 mg (0.0790 mmol) o2b and 0.78 mg (0.0047 mmol) of #rt-
butylcatechol. After the resultant cloudy mixture was stirred at@5
for ca. 5 min, it became clear. Then 13.5 mg (0.0843 mmol) of sodium
salicylate (Aldrich) was added to give a clear solution with greater
viscosity that was stirred at 2% for 46 h. The reaction mixture was
diluted with MeCN and rotary evaporated at ca. 45 to leave an
amorphous solid, which was analyzed#NMR (400 MHz, CDC})
and analytical HPLC (eluarnt 0.020 M ammonium trifluroacetate in
MeCN—H,0 (80/20 to 95/5 during 20 min); flow rate 1.0 mL/min;
retention times= 6.6 min for2b, 18.8 min for16b, 19.8 min forlb,
and 22.8 min forl5h). The results are given in runs +14 of Table
1.

(d) 7a and 14a.The results fo7aand14aare given in runs 15 and
16 of Table 1. The following procedure is for run 16, and that for run
15 was analogous. A solution of 54.0 mg (0.141 mmolyaf114 mg
(0.321 mmol) of 14a and 2.27 mg (0.0137 mmol) of trt-
butylcatechol in 2.15 mL of gHsMe was stirred at 80C for 48 h.
The reaction mixture was rotary evaporated to leave a heavy oil, which
was chromatographed (MPLC) on silica gel with hexaregAc—
Et;N (100:0:0 to 70:28:2) as eluant to give 49.2 mg (47%}rahs
1-[2-(N,N-dimethylamino)ethylthio]-2-(dimethyldodecylsilyl)-4-[(N-
dimethylamino)ethoxycarbonyl]-5-(dodecoxycarbonyl)-1-cyclohex-
ene (99 as a yellow oil, followed by 38.4 mg (37%) ¢fans-1-[2-
(N,N-dimethylamino)ethylthio]-2-(dimethyldodecylsilyl)-4-
(dodecoxycarbonyl)-5-[2N,N-dimethylamino)ethoxycarbonyl]-1-
cyclohexene 18a) as an amorphous solid. FéBa 'H NMR ¢ 4.28
(t, J = 5.6, 2H, CHCH,CH,0), 4.08 (m, 2H, OEl,CH;N), 2.18—
2.98 (m containing s at 2.41, 24H, SEEH,N, OCH,CH:N, 2 (CH;)2N,

2 CH,, 2 CH), 1.61 (m, 2H, CKCH,CH;0), 1.25 (m, 38H, (Ch)s,
(CHy)10), 0.88 (t, 6H, 2 CH), 0.73 (m, 2H, CHSi), 0.17 (s, 3H, (El3)«
Si(CHa)p), 0.16 (s, 3H, (CH):Si(CH3)p); °C NMR 6 174.81, 174.26,
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(m, 10H, GH,CH,S, 2 (H,CH,;0, 2 CH,CH;N), 1.27 (m, 30H, 2 (Ch)s,
(CHy)s, (CHy)e), 0.89 (t, 6H, 2 CH), 0.73 (m, 2H, CHSI), 0.16 (s,
3H, (CH3).Si(CHa)y), 0.15 (S, 3H, (CH).Si(CHa)p); 23C NMR 6 175.06,
174.56, 139.35, 138.30, 65.06, 65.04, 59.98, 59.96, 45.69, 42.42, 41.94,
34.47, 34.19, 33.92, 32.17, 32.14, 32.01, 30.00, 29.92, 29.59, 29.55,
29.43, 29.27, 28.81, 28.78, 27.82, 27.33, 26.09, 26.06, 24.27, 22.91,
22.86, 16.49, 14.35, 14.3%,1.35,—1.43. FAB HRMS (3-nitrobenzyl
alcohol matrix) calcd for GHssN20,SSi (M + H) 739.5843, found
739.5834. Forl9h: *H NMR 6 4.02-4.14 (m, 4H, 2 CHO), 2.83-
2.92 (m, 1H), 2.26-2.79 (m containing s at 2.25, 23H total including
2 (CH;)2NCHy), 1.41-1.68 (m, 10H, ®1,CH,S, 2 GH,CH,0O, 2 CH,-
CH:N), 1.28 (m, 30H, 2 (Ch)2, (CH)s, (CHy)e), 0.89 (t, 6H, 2 CH),
0.74 (m, 2H, CHSi), 0.16 (s, 3H, (€l3).Si(CHs)), 0.15 (s, 3H, (ChH)s-
Si(CHa)p); 3C NMR ¢ 175.07, 174.54, 139.38, 138.23, 65.14, 64.95,
59.97, 45.68, 42.42, 41.92, 34.43, 34.19, 33.92, 32.17, 32.12, 32.01,
30.02, 29.92, 29.58, 29.55, 29.43, 29.27, 28.80, 27.83, 27.33, 26.08,
24.27, 22.90, 22.86, 16.49, 14.35, 14.31,.34,—1.43. FAB HRMS
(3-nitrobenzyl alcohol matrix) calcd for &HsaNO,SSi (M + H)
739.5843, found 739.5837.
trans-1-[(2-Trimethylammonio)ethylthio]-2-(dimethyldodecyl-
silyl)-4-(dodecoxycarbonyl)-5-(2-trimethylammonio)ethoxycarbonyi]-1-cyclo-
hexene Diiodide (15a)A mixture of 38.3 mg (0.0518 mmol) df8a,
72.5 mg (0.511 mmol) of Mel, and 2.0 mL of MeCN was stirred at 25
°C under N overnight and then rotary evaporated to leave 52.3 mg
(99%) of 15aas an amorphous solidH NMR ¢ 4.69 (m, 2H, OCl,-
CH:N), 4.28 (m, 2H, OCHCH;N), 4.06 (m, 2H, CHCH,CH0), 3.70
(m, 2H, SCHCH:N), 3.57 (s, 18H, 2 (Ch)sN), 3.24 (m, 2H, SE-
CH.N), 3.06 (m, 1H), 2.89 (m, 2H), 2.71 (m, 1H), 2.60 (m, 1H), 2.23
(m, 1H), 1.61 (m, 2H, CBCH,CH,0), 1.26 (M, 38H, (Ck)s, (CH2)10),
0.89 (t, 6H, 2 CH), 0.71 (m, 2H, CHSi), 0.19 (s, 3H, (Bl3).Si(CHa)p),
0.18 (s, 3H, (CH)JSi(CHs)p); *3C NMR o6 174.78, 173.52, 141.38,
136.34, 66.43, 65.25, 65.12, 58.47, 54.96, 54.25, 41.72, 41.37, 34.78,
34.07, 33.91, 32.04, 29.90, 29.81, 29.77, 29.61, 29.49, 29.43, 28.72,
26.03, 25.04, 24.14, 22.81, 16.45, 14.24,.31,—1.43. FAB HRMS
(3-nitrobenzyl alcohol matrix) calcd for&HssN.O4SSil (monocatior ~)
895.5280, found 895.5257.
trans-1-[(2-Trimethylammonio)ethylthio]-2-(dimethyldodecyl-

139.62, 138.05, 65.19, 62.03, 58.93, 57.47, 45.46, 44.94, 42.09, 41.67 siyl)-4-[(2-trimethylammonio)ethoxycarbonyi]-5-(dodecoxycarbonyl)-1-cyclo-
33.96, 33.93, 32.14, 29.97, 29.89, 29.85, 29.82, 29.79, 29.66, 29.58,hexene Diiodide (16a)From19a the same procedure as fbfagave

29.49, 28.81, 26.09, 24.26, 22.91, 16.49, 14:35,34,—1.42. FAB
HRMS (3-nitrobenzyl alcohol matrix) calcd for,g&1s3N204SSi (M +
H) 739.5843, found 739.5838. F&®a 'H NMR 6 4.26 (t,J = 5.7,
2H, CH,CH,CH0), 4.08 (m, 2H, OE,CH;N), 2.88-2.97 (m, 1H),
2.76-2.84 (m, 3H), 2.632.74 (m, 3H), 2.482.62 (m, 3H), 2.18
2.47 (m containig 2 s at2.35 and 2.36, 14H total including 2 (GkN),
1.60 (m, 2H, CHCHchzo), 1.25 (m, 38H, (Cb’g, (C:Hz)]_o)Y 0.88 (t,
6H, 2 CH), 0.73 (m, 2H, CHSi), 0.16 (s, 3H, (€l3).Si(CHs)p), 0.15
(s, 3H, (CH).Si(CHa)y); 13C NMR 6 174.94, 174.25, 139.55, 138.26,

(98%) 16aas an amorphous solidH NMR 6 4.81 (m, 1H, OC1Hy-
CHN), 4.41 (m, 1H, OCHEHyCH:N), 3.98-4.14 (m, 4H, OCHCH:N,
CH,CH,CH0), 3.81 (m, 1H, SChCHH,N), 3.51-3.63 (2 s at 3.55

and 3.59, overlapping with m, 19H, 2 (G}aN, SCHCH.HN), 3.10~

3.36 (m, 3H), 3.00 (m, 1H), 2.70 (m, 2H), 2.51 (m, 1H), 2.39 (m, 1H),
1.63 (m, 2H, CHCH,CH,0), 1.26 (m, 38H, (Ch)s, (CH,)10), 0.88 (t,

6H, 2 CH), 0.69 (m, 2H, CHSi), 0.19 (s, 6H, (Ch)zSi); 13C NMR ¢
174.37,173.80, 143.32, 134.85, 66.44, 65.81, 65.46, 58.09, 55.31, 54.09,
41.59, 40.80, 33.98, 33.58, 33.38, 32.15, 29.98, 29.95, 29.91, 29.82,

65.28, 62.31, 59.09, 57.64, 45.61, 45.11, 42.18, 41.57, 33.95, 33.87,29.67, 29.59, 28.80, 26.16, 24.16, 24.03, 22.92, 16.71, 14.37,0,
32.12, 29.95, 29.87, 29.84, 29.76, 29.64, 29.56, 29.48, 28.93, 28.79,—1.17. FAB HRMS (3-nitrobenzyl alcohol matrix) calcd for,8seN2O4-

26.08, 24.25, 22.90, 16.49, 14.331.34, —1.44. FAB HRMS (3-
nitrobenzyl alcohol matrix) calcd for &HgsN.0sSSi (M + H) 739.5843,
found 739.5839.

(e) 7b and 14b.The results foi7b and14bare given in runs 17 and
18 of Table 1. The following procedure is for run 18, and that for run
17 was analogous. A solution of 66.5 mg (0.173 mmolYlaf152 mg
(0.428 mmol) of 14b, and 3.14 mg (0.0189 mmol) of trt-
butylcatechol in 1.5 mL of gHsMe was stirred at 85C for 24 h. The
reaction mixture was rotary evaporated to leave a heavy oil, which
was analyzed by analytical HPLC (eluant 0.020 M ammonium
trifluroacetate in MeCN; flow rate= 1.0 mL/min; retention times=
6.0 min for 19b and 7.7 min for18b) and then chromatographed
(MPLC) on silica gel with hexanesEtOAc—EN (100:0:0 to 60:20:
20) as eluant to give 46 mg (36%) wans-1-[6-(N,N-dimethylamino)-
hexylthio]-2-(dimethyloctylsilyl)-4-[6-N,N-dimethylamino)hexoxycar-
bonyl]-5-(octoxycarbonyl)-1-cyclohexen&qb) as a heavy oil, followed
by 43 mg (34%) of trans-1-[6-(N,N-dimethylamino)hexylthio]-2-
(dimethyloctylsilyl)-4-(octoxycarbonyl)-5-[2N,N-dimethylamino)hex-
oxycarbonyl]-1-cyclohexenel8hb) as a heavy oil. Fot8b: *H NMR
0 4.02-4.14 (m, 4H, 2 CHO), 2.83-2.92 (m, 1H), 2.2£2.79 (m
containing s at 2.25, 23H total including 2 (@ENCH,), 1.41-1.69

SSil (monocatiori~) 895.5280, found 895.5286.
trans-1-[(6-Trimethylammonio)hexylthio]-2-(dimethyloctylsilyl)-

4-(octoxycarbonyl)-5-[(6-trimethylammonio)hexoxycarbonyl]-1-cy-

clohexene Diiodide (15b)A mixture of 15.0 mg (0.0203 mmol) of

18b, 17.7 mg (0.125 mmol) of Mel, and 0.80 mL of MeCN was stirred

at 25°C under N overnight. The residue after rotary evaporation was

purified by TLC (0.25-mm aluminum oxide; EM 5731-3) with 60:38:2

MeCN—CH,Cl,—MeOH as eluant to give 12.3 mg (59%) bbb as

an amorphous solid*H NMR 6 4.00-4.24 (m, 4H, 2 CHO), 3.69-

3.80 (m, 4H, 2 CHN), 3.46 (s, 18H, 2 (Ch)3N), 2.87-2.94 (m, 1H),

2.18-2.79 (m, 7H), 1.76:1.89 (m, 4H, 2 ¢1,CH.N), 1.20-1.72 (m,

36H, 2 (CH)s, (CHy)e), 0.89 (t, 6H, 2 CH), 0.72 (m, 2H, CHSI),

0.17 (s, 3H, (®3).Si(CHa)p), 0.16 (s, 3H, (CH)=Si(CHa3)y); 3C NMR

6 175.09, 174.52, 139.23, 138.40, 66.90, 65.09, 64.61, 54.00, 42.22,

41.74, 34.28, 33.94, 33.88, 32.14, 31.97, 31.88, 29.93, 29.54, 29.50,

29.39, 28.76, 28.70, 28.40, 26.05, 25.69, 25.42, 24.21, 23.26, 23.13,

22.87, 22.83, 14.35, 14.36,1.39,—1.45. FAB HRMS (3-nitrobenzyl

alcohol-glycerol-trifluoroacetic acid matrix) calcd forElgsN20O,SSil

(monocatiorl ~) 895.5280, found 895.5255.
trans-1-[(6-Trimethylammonio)hexylthio]-2-(dimethyloctylsilyl)-

4-[(6-trimethylammonio)hexoxycarbonyl]-5-(octoxycarbonyl)-1-cy-
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clohexene Diiodide (16b)From 19b, the same procedure as fbsb chosen to maximize the insolubility of the monomolecular films. After
gave (52%)16b as an amorphous solidtH NMR 6 4.14-4.25 (m, equilibration of the subphase for 30 min at 23, a CHC} solution of

1H, CH.HL0), 3.99-4.09 (m, 3H, CHH,O, CH;0), 3.71+3.80 (m, 15ao0r 16awas deposited at the air/buffer interface to an initial area of
2H, CH:N), 3.63-3.71 (m, 2H, CHN), 3.49 (s, 9H, (Ch):N), 3.47 125 or 95 R/molecule, respectively. Following a 15-min interval for
(s, 9H, (CH)sN), 2.89-2.98 (m, 1H), 2.752.82 (1H), 2.28-2.66 (m, solvent evaporation, the monolayers were compressed #nh®fecule/

6H), 1.75-1.90 (m, 4H, 2 Gi,.CH:N), 1.20-1.70 (m, 36H, 2 (Ch)s, min. Monolayers for which compression was stopped between lift-off
(CHy)e), 0.89 (t, 3H, CH), 0.88 (t, 3H, CH), 0.74 (m, 2H, CHSI), and collapse maintained constant surface pressures within 2.5 mN/m

0.19 (s, 3H, (€13).Si(CHa)p), 0.18 (s, 3H, (CH).Si(CH3)p); 1°C NMR for 15 min, confirming their insolubility. Other details of the monolayer
0 174.71, 174.68, 139.06, 138.49, 66.94, 65.39, 64.55, 53.95, 53.93,protocol have been described previou®8lyrhe results are given in
42.35, 41.84, 33.99, 33.88, 33.53, 32.14, 31.97, 31.36, 29.98, 29.53,Figure 3.

29.50, 29.42, 29.37, 28.74, 28.36, 26.09, 25.76, 25.58, 25.46, 24.18,

23.31, 23.00, 22.87, 22.84, 14.36, 14.33,.33,—1.44. FAB HRMS Acknowledgment. D.A.J. and S.B.H. thank the National
(3-nitrobenzyl alcohet glycerol-trifluoroacetic acid matrix) calcd for Science Foundation (CHE-9526188) and the National Institutes
CasHeaN204SSil (monocatior ™) 895.5280, found 895.5277. of Health (HL 60914 and 03502), respectively, for the support

H,’H ROESY NMR Spectroscopy.Experiments were performed  of this research.
on a 400 MHz Bruker Avance DRX-400 instrument at 48 with
degassed () CD;OD and CDC} solutions of15a and 16a. In the Supporting Information Available: H (400 MHz) and-3C
ROESY pulse sequence the relaxation delay was 2.000 s, and the spinNMR (100.6 MHz) spectra of, 23, 6, 7, 10, 14—16, 18, and
Iocl\ljlgrl;lc;?a“;er: gﬁjsdisg-ggggnsﬁir trough with a computer-controlled 19, *H NMR (400 MHz) spectra 08 and 12 *H,'H COSY

: 1

ribbon barrier (Labcon, Darlington, UK) was us&d.he freshly cleaned NMR (440 MHZ)_ and'H,'H ROESY NMR (409 MHz) s_pecFra
trough was filled with a pH 8.0 buffer (10 mM Tris, 1.0 M Nacl), Of 15aand 16ain CD;OD and CDC4. This information is
available free of charge via the Internet at http://pubs.acs.org.

(29) Discher, B. D.; Maloney, K. M.; Grainger, D. W.; Sousa, C. A;;
Hall, S. B. Biochemistry1999 38, 374. JA9940571



