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The stable conformations of both th@ns- and cis-1,3-disubstitutedNp-benzyl stereoisomers of the Pict&@pengler
reaction have been determined by NMR spectroscopy and X-ray crystallography in order to better understane-the C(1)
N(2) cis- to transisomerization process. In thé,-H series, the chair conformation was preferred fortta@sisomer

3a, while thecisdisomer3b existed predominantly in the boat form. However, in Myemethyl seriesXa, 1b, 2a, 2b),

both thecis (1b, 2b) andtrans (1a, 2a) diastereomers existed in the chair conformation to relieve té@-strain
between theN,-methyl function and the substituent at C(1). The difference in the preferred conformationsaié-the
isomers in theN,-H and Ny;-methyl series (as compared to the preferred conformations itrdheisomers) can be
employed to understand the reduced rate of epimerizatiarisefb into trans2a as compared t@b into 3a This
provides the structural basis for the carbocation-mediated intermediate in theN{®))scission process.

The Pictet-Spengler reactiohwhich involves the cyclization H
of electron-rich aryl or heteroaryl groups onto imine or iminium CO,CoHs
ion electrophiles, has long been a standard method for the N | NK__ph

construction of both tetrahydyé-carboline and tetrahydroisoquino-

I

line systems. These ring systems are critical structural units that CO2CHs

are commonly encountered in naturally occurring indole or iso- 6A

quinoline alkaloids and include synthetic analogues with a wide

diversity of important biological activity. The enantiospecific H H H
Pictet-Spengler reaction has drawn widespread interest in both COxCoHs CO,C>Hs
organic and medicinal chemist?)AIt_hough important_progres_s has N N.__ph N | /I\P\/Ph
been made recentRthe ideal solution to the catalytic enantiospe- | |

cific Pictet-Spengler reaction has still not been reported. A study A COCHs H CO,CH;
of the mechanism involved in the asymmetric Piet8pengler 6B 6C

reaction of tryptophan alkyl esters may be valuable for the future Figyre 1. Proposed intermediates in this- to trans-epimerization.
design of other asymmetric PicteSpengler cyclizations, which
are crucial in the construction of alkaloid core structures. upon isolation under acidic conditions, the racemization of harmine
It is well documented that in nonacidic aprotic medig- alkaloids, and the epimerization of reserpine into isoresefgine.
benzyltryptophan alkyl esters undergo the Pietpengler reaction  since alkoxy-substituted indole alkaloids (especially at positions 4
with aldehydes to furnish therans- and cis-diastereomers in an  4nq 6 of the indole nucleus) might be prone to epimerization during
approximate ratio of 4:1, in which theansisomers predominate  isp|ation under the standard acidic conditions via such a carboca-
(Scheme 1}. Because of the presence of the two diastereomers, tionic intermediate (seBA, Scheme 2), recent results on this process
the separation of the isomers can be a tedious process especially e reported here.
for large-scale preparations. However, the thermodynamically more |t has been suggested that the conformation ottseandtrans-
stabletransisomer, a key chiral intermediate in the total synthesis sterepisomers plays an important role in the epimerization and that
of macroline/sarpagine/ajmaline indole alkalotdsuld be exclu- the formation of the carbocationic intermediate took place from a
sively obtained by epimerization of theis-stereoisomer or the  poat-jike conformatioff.The stable conformations tfans-laand
mixture of thecis- andtransisomers into thérans-diastereoisomer cis-1b isomers were studied several years &gowas concluded
under acidic conditions (Table 2346 Previously, three potential {4t theNy-benzyl moiety and the substituent at C-1 assumed a
intermediates (Figure 1) were considered for this epimerization {ransdiaxial relationship in the preferred conformation in both
process based on earlier work on resergidenong these inter-  rans1a andcis-1b.2 In the transisomer1la, the ester function at
mediates, thecis- to transisomerization, which proceeds by .3 occupied the equatorial position, while in téie-1b isomer,
protonation of thé\,-nitrogen atom, with concomitant cleavage of  {he axial orientation was preferré®utlined in this work are the
the C-1/N-2 bond is in better agreement with recent experinfeits.  ro5yits of conformational analysis and kinetic experiments, which
The resulting carbocatioA, after rotation of the C-1/C-9a  gypport the boat-like conformation as the structural basis for the

carbon-carbon bond, can recyclize to provide the C-1 epimerized generation of the carbocationic intermediate in i to trans-
trans-diastereomer (Scheme 2). This carbocationic type of inter- jsomerization at c).

mediate can be employed to explain the racemization of roeharmine
Results and Discussion
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Table 1. Epimerization of thecisdsomers ) into thetrans-Diastereomersa)

n§ h$
| OCzHs TFA / CH.Cl, I OC,Hs

N N
YY) " i W
\—COOCH3 COOCH;,

cis trans

approximate ratio ofis:trans?

epimerization reactions initial 30 min 7h 3 days 10 days
2b—2a 100:0 90:10 80:20
3b— 3a 100:0 45:55 0:100
4b— 4a 100:0 86:14 0:100
5b— 5a 100:0 0:100
2a—2b 0:100 0:100 0:100

2 Ratio determined by analysis of tfld NMR spectrum of the crude reaction mixtuP&he epimerization o8b went to completion in 7 days;
analysis of the NMR data on day 10 indicated the ratio remained the same as day ffans 0:100). The TFA employed in these experiments
was 1.5 equiv.

Scheme 1
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Ry = CH3, Rs = CHQCH& R3 = OCH3 4a 4b
R1 =H, R2 = CHZCHs, R3 = OCH3 5a 5b
Scheme 2

investigate the influence of substituents on the epimerization rate, at C-1 of cis-1,2,3-trisubstituted tetrahydy®-carbolines into the

a kinetic study was carried out, the results of which are listed in transisomers via the C(3)N(2) cleavage proce$sgven though
Table 1. Examination of the data in Table 1 illustrated that both the retro-Pictet Spengler reaction might also be accelerated in this
the 7-methoxy-substitutedsisomers 4b, 5b) epimerized into the case (Scheme 4). Even upon heating in excess acid at no time did
trans-diastereomers4@, 5a8) much faster than the parent systems any of thecis-N,-H or -N,-CH; diastereomers provide the related
(2b, 3b) isomerized intotrans2a and 3a, respectively. It was Na-H or Na-CHz Np-benzyltryptophan alkyl esters. These reactions
believed that the electrons on the 6-methoxy moiety of the indole were monitored by TLC versus authentic material that would have
contributed to the stabilization of the carbocationic intermediate  arisen from a retro-PictetSpengler process. Only in the case of
via the resonance structur8sand 10 (Scheme 3). Furthermore, theNj;-substituted sulfonamide was the product of a retro-PS process
this is indirect support for the proposed mechanism of epimerization observed® This provided indirect evidence that the iminium ion
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pathway was not operating in any of these epimerizatidisH Figure 1, Supporting Information). The data are shown in Tables 2
or Ny-methyl) with the exception of the deactivatdgsulfonamido- and 3, respectively.

substituted series, wherein the carbocationic intermediate (C-1, N-2 Bothtrans-diesters exhibited similar coupling constants and NOE
scission) would have been destabilized by the electron withdrawal patterns. From théH NMR data for thetrans-diesters2a and 3a,
of the sulfonamide moiet§t the coupling constants observed between H-3 and H-4ax, H-4eq
Interestingly, analysis of the kinetic data also indicated that the (3J = 11.0, 4.9 Hz for2a, 3] = 9.1, 5.2 Hz for3a) indicated that
Na-methyl-substitutedtis-diesters 2b, 4b) epimerized at a much H-3 was located on thg-axial position of the C-ring. Furthermore,
slower rate than the correspondiNgH-substituted cases8lf, 5b). no NOE was detected between H-1 and H-3, while a cross-peak
For example, théN,-H cis-isomer3b epimerized completely into  was observed between H-14 and H-3. These observations confirmed
its trans-counterpart after 7 days. However, only about 20% of the that in solution H-1 should be in the equatorial position. Traes-
correspondingis-(TFA, CH,CI;) N-methyl analogue had epimer-  diesters2a and 3a thus adopted similar stable conformations in
ized at day 10. In order to determine the final equilibrium ratio of solution in which the C-ring was a half-chair with an axial and
this epimerization, therans-diastereoisome2a of 2b was exposed equatorial substituent at C-1 and C-3, respectively. The NOE
to the same reaction conditions employedZbr It was found that between H-4a and H-19 8awas stronger than that between H-4e
trans2aremained unchanged after 10 daysgig2b was detected. and H-19, which confirmed that the benzyl group was in an axial
Hence, it was deduced that the epimerizatiorRbf— 2a under position on the same side of the ring as H-4a (see Figure 2 and
these conditions of TFA/CHI, will go to completion eventually; Table 4). Distances between atoms were determined from the X-ray
that is the ratio oRb:2awould be 0:100 when the reaction time is  crystal structures or energy-minimized structures (Table 4). This

long enough. This significant rate difference betweenNhenethyl arrangement was consistent with that reported ffat and was
andN,-H series was observed in the parent syst@émys 3b) as confirmed by analysis of the X-ray crystal structure3af(Figure
well as in the 7-methoxy-substituted systedb (vs 5b). The 3), and consistent with other crystal structures of thens-

conformations of the diesters are believed to play an important role diastereoisomers.
in this process.In order to shed light on these observations and  Since the coupling constants between H-3 and Hd4 44« =
better understand the mechanism of the epimerization, the confor-6.9 Hz,3J;.4¢q= 1.7 Hz) of 2b are not very large, it was believed
mations of both theis- andtrans-1,2,3-trisubstituted tetrahydro-  that the substituent at C-3 occupied tir@xial position. As in the
p-carbolines were determined. case of therans-diastereoisomers (s@aand3a), no NOE between
The purecis- andtrans-diastereoisomers were initially prepared H-1 and either H-3 or H-4ax or H-4eq was observed in e
by condensing the Dd-benzyl-substituted tryptophan ethyl ester methyl cis-diester 2b (see Figure 2 and Table 4). These data
derivatives with methyl 4-oxobutanoate in refluxing benzene, and suggested that the C-ring #b assumed a chair-like conformation
the diastereomers were separated by careful chromatography orsimilar to itstrans-diastereomega with the C-1 proton located in
silica gel. Each proton and carbon atom of the diastereomers wasthe equatorial position. Moreover, NOEs were observed between
assigned via the examination of the 1D and 2D NMR spectra (see the methylene protons of the benzyl group H-19 and both H-3 and
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Table 2. 'TH NMR Data
12 13
11/CH2CH3
2 24 R1 =Hor 0(26)'H3
2 Rg = H or O(27)C(28)-Hs
21 22
a. ftrans —
0" g b: cis i
2a 2b 3a 3b 4a 4b 5a 5b
H1 3.83 (dd, 3.95 (m) 3.96 (M) 3.95 (dd, 3.82(m) 3.89 (m) 3.86 (M) 3.94 (m)
4.9,11.0) 9.6,5.4)
H3 4.11 (m) 3.89 (dd, 4.03 (dd, 3.86 (dd, 4.10 (d, 3.86 (dd, 3.97 (dd, 3.87 (m)
6.0, 2.0) 9.1,5.2) 3.8,6.0) 4.9,11.0) 6.9,1.7) 9.1, 4.9)
H4ax 3.18 (dd, 3.08 (dd, 3.18 (dd, 3.02 (dd, 3.16 (dd, 3.00 (ddd, 3.09 (dd, 3.01 (dd,
15.6,11.0)  16.0, 6.0) 15.6, 9.1) 15.6, 6.0) 15.9,11.0)  15.9,6.9,1.1) 15.6,9.1) 15.7,5.9)
H4eq 3.09 (dd, 3.38 (dd, 3.07 (dd, 3.25 (dd, 3.07 (dd, 3.25 (dd, 2.98 (dd, 3.24 (dd,
15.6, 4.9) 16.0, 2.0) 15.6,5.2) 15.6, 3.8) 15.9, 4.9) 15.9,1.7) 15.6, 4.9) 15.7, 3.9)
H5 7.62(d,7.7)  7.61(d, 8.0 759(d,7.7) 7.54(d,8.2) 7.50(d,85)  7.44(d, 8.5) 7.40 (d, 8.5) 7.44 (d, 8.6)
H6 7.18 (t, 7.4) 7.16 (dt, 7.5,1.0)  7.17 (t, 7.4) 7.12 (ddd, 6.87 (dd, 6.78 (dd, 6.79 (dd, 6.82 (dd,
8.2,7.4,1.1) 8.5,2.2) 8.5,2.2) 8.5,2.2) 8.6,2.2)
H7 7.27 (m) 7.26(dt,8.2,1.5) 7.22(t, 7.7) 7.17 (ddd,
8.2,7.1,1.1)
H8 7.35 (m) 7.34 (m) 7.37 (m) 7.35 (m) 6.85 (d, 2.2) 6.82 (d, 2.2) 6.85 (d, 2.2) 6.88 (d, 2.2)
H9 8.05 (brs) 8.04 (brs) 7.88 (brs) 7.99 (brs)
H12 4.34 (m) 4.10 (m) 4.28 (m) 4.10 (m) 4.35 (m) 4.05 (m) 4.23 (m) 4.13 (m)
H12 4.21 (m) 4.19 (m)
H13 1.42 (,7.1) 1.34 (t, 7.1) 1.34(t,7.1) 1.27 (1, 7.1) 1.43 (t, 7.1) 1.33(t, 7.1) 1.31(t, 7.1) 1.30 (t, 7.1)
H14 1.89 (m) 1.60 (m) 2.01 (m) 1.96 (m) 2.04 (m) 1.53 (m) 1.95 (m) 1.91 (m)
H14 2.04 (m) 1.98 (m) 2.12 (m) 2.12 (m) 1.89 (m) 1.94 (m) 2.05 (m) 2.02 (m)
H15 2.45 (m) 2.55(m) 2.36 (m) 2.53 (m) 2.46 (m) 2.57 (m) 2.32 (m) 2.52 (m)
H15 2.65 (m) 2.88 (m) 2.48 (m) 2.65 (m) 2.80 (m) 2.42 (m) 2.60 (m)
H18 3.51(s) 3.59 (s) 3.55 (s) 3.59 (s) 3.53(s) 3.57 (s) 3.51(s) 3.62(s)
H19 3.42(d,13.5) 3.80(d, 13.5) 3.62(d,13.7) 3.88(d,13.7) 3.44(d,13.2) 3.79(d,13.2) 3.57 (d, 13.7) 3.91(d, 14.2)
H19 3.87(d,13.5) 3.95(d, 13.5) 3.91(d,13.7) 3.97(d,13.7) 3.87(d,13.2) 3.94(d, 13.2) 3.85(d, 13.7) 3.99 (d, 14.2)
H21,25 7.39(d,7.1)  7.46(d, 7.5) 741(d,7.4) 7.44(d,7.4) 7.42(d,7.1) 7.48(d,7.1) 7.36 (d, 7.4) 7.47 (d, 7.3)
H22,24 ~7.35(m) ~7.38 (M) ~7.36 (M) ~7.40 (M) 7.36 (m) 7.38 (m) ~7.31(m) ~7.37 (M)
H23 7.30 (m) 7.33 (m) 7.30 (m) 7.28 (m) 7.31(m) 7.32(m) 7.25(m) 7.31(m)
H26 3.69 (s) 3.70 (s) 3.65 (s) 3.62(s)
H28 3.96 (s) 3.91(s) 3.85(s) 3.88(s)
Table 3. 13C NMR Data
2a 2b 3a 3b 4a 4b 5a 5b
C1 53.28 54.23 54.60 56.10 53.75 54.88 55.07 56.25
Cc3 56.20 57.62 56.75 58.95 56.67 57.87 57.20 59.07
C4 20.25 18.10 21.17 19.92 20.72 18.16 21.64 20.05
Cda 106.39 104.86 107.50 106.56 106.70 105.01 107.79 106.42
C4b 126.58 126.62 126.99 126.95 121.46 121.44 121.87 121.45
C5 118.21 118.33 118.17 118.22 119.17 118.91 119.08 118.80
C6 119.16 118.99 119.50 119.37 109.06 108.42 109.40 108.88
C7 121.35 121.33 121.77 121.70 156.69 156.63 156.76 156.32
cs 108.96 108.86 110.93 110.79 93.67 93.21 95.51 95.02
C8a 137.48 137.55 136.24 136.08 138.62 138.71 137.42 136.88
C9a 135.78 134.66 134.24 133.36 135.01 133.89 133.36 132.10
C10 172.99 173.69 172.97 173.36 173.45 174.15 173.42 173.52
Ci12 60.97 61.02 60.81 60.84 61.37 61.31 61.21 60.87
C13 14.41 14.06 14.35 14.03 14.84 14.91 14.79 14.15
Ci14 27.97 29.15 28.98 29.16 28.48 29.58 29.45 29.20
Ci15 29.64 30.22 29.87 30.37 30.08 30.37 30.33 30.41
C16 174.00 174.33 174.34 173.44 174.48 174.43 174.80 174.64
C18 51.34 51.41 51.50 51.52 51.76 51.54 51.91 51.56
C19 52.77 61.31 53.33 59.21 53.19 61.59 53.74 59.26
C20 139.37 139.03 139.40 139.02 139.88 139.78 139.91 139.13
C21,25 129.25 129.36 129.14 128.94 129.78 129.51 129.55 128.98
C22,24 128.20 128.42 128.25 128.31 128.61 128.67 128.65 128.34
C23 127.01 127.38 127.09 127.24 127.41 127.54 127.48 127.25
C26 29.78 29.77 30.25 30.11
C28 56.38 56.03 56.26 55.82

H-4a, which suggested that the benzyl group assumgehxial

(Figure 3). This is also in agreement with the reported X-ray crystal

position (see Figure 2, Table 4; see also Figure 2, Supporting structure of thecis-N;-methyl Ny-benzyl diester1 6.1

Information). This structure was similar to the conformation found

In the case of the pare,-H cis-compound3b, the coupling

in cis-1b? and was also confirmed by an X-ray crystal structure constant$J(H-3, H-4ax) andJ(H-3, H-4eq) were measured as 6.0
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Ha_j M H4ax

a b c

Figure 2. lllustration of observed NOEs in the various structures. (a) Crystal structiBa (@@fans half-chair), (b) crystal structure @b

(cis, half-chair), (c) modeled structure 8b (cis, boat). This structure was obtained from a minimized boat structure by twisting the ring

into a boat conformation with Insight software. In all cases the indole ring and the methoxy/ethoxy groups are omitted for clarity. Observed
NOEs are indicated by double arrows. Dashed lines (---) indicate NOEs that are observed but are not supported by the rigid crystal structure.
Modeling V}/:\ith minimized half-chair conformations has shown that low-energy substituent conformations exist where these distances are
below 3.7 A.

Table 4. Selected Interatomic Distances3a, 2b, and3b?

3a(trans half-chair) 2b (cis, half-chair) 3b (cis, boat)

distance model crystal model crystal model
H-1 and H-3 3.78 3.71 4.26 3.94 3.85
H-1 and H-4ax 4.42 4.86 4.90 4.18 3.28
H-1 and H-4eq 4.80 4.64 4.28 4.62 4.50
H-3 and H-14 3.438, 3.942 2.29,3.78 4.09 381 4.43
H-3 and H-21 (H-25) 214 4.16 3.09 3.94 2.60
H-3 and H-19 2.97,3.67 3.84,3.58 2.87,3.68 2.082.87 1.89
H-14 and H-4ax 4.68 4.61 4.21 4.52 5.12
H-14 and H-4eq 3.90 3.89 4.74 3.97 5.46
H-19 and H-4ax 4.43 2.862.72 2.87 2.8]12.58 3.023.85
H-14 and H-19 3.18 4.42 4.39 4.38 3.18
H-21 (H-25) and H-1 214 4.16 4.19 3.04,3.73 3.59
H-21 (H-25) and H-4ax 3.83 5.05,5.18 3.62 4.78 4.80
H-21 (H-25) and H-15 3.63 3.16 2.63 2.832.50 2.023.71

a For3aand2b both numbers for the crystal structure and for a minimized half-chair conformation are shovgh.dfoidealized boat conformation
was produced with Insight, as no boat conformation could be obtained by minimization. NOEs shown in Figure 2 are indivalig:dTihe
H-1-H-4eq NOE in3b is weak and most likely due to spin diffusion. For some flexible substituents, the distances can vary between the crystal
and modeled data.

and 3.8 Hz, respectively, which indicated that H-3 also assumed carbolines in théN,-H series was ogis-1-cyclohexyl-2(N)benzyl-

an equatorial position in the C-ring (see Table 5). On the other 3-methoxycarbonyl-1,2,3,4-tetrahydfeearbolinel® In this diester,
hand, the pattern of the NOEs in ti-H cisisomer 3b was the 1,3-diaxial conformation was regarded as the stablé®ne.
different from that of theis-N,-CHz analogue2b. In cis-3b, NOEs In addition to the information from conformational analysis,
were observed between H-1 and both the H-4ax and H-4eq (seeexamination of the specific rotations in Table 5 illustrated an
Figure 2 and Table 4; see also Figure 3, Supporting Information). interesting phenomenon. If either, Rr R; is changed in these
These NOEs were not observed in tRgmethyl cis-diester2b. molecules, the specific rotations do not change very much3jsee
Further data on the dihedral angles in the C-ringlofvere obtained 6b, 5b); however, in the case of thé,-H (3b, 6b, 5b, half-boat

by measurement of the vicin&ley coupling constants derived from  conformation) versus thi,-methyl analogueslp, 2b, 4b, chair-

an HSQMBC spectrurt The J values of 8 and 0.5 Hz for like conformation), the rotations differ significantly. This confirmed
3J(H-4* C-10) anc?J(H-4¢9, C-10), respectively, antd(H-3, C-4A) the close relationship between the conformation and specific rotation
= 5.5 Hz indicated that the ester (C-10) adopted an axial orientation of those compounds.

and H-3 an equatorial position. In similar fashion, the valu&- The elucidation of the difference in the conformation of the
1, C-4A) =~ 0.5 Hz was consistent with an axial position for H-1. C-ring of the Ny-H cisisomer 3b in comparison to itsN,-CHs
Analysis of these data indicated that the preferred conformation of analogue2b provided an opportunity for a better understanding of
3b was in agreement with the interpretation of the NOEs, which the epimerization mechanism and revealed a structural basis for
indicated a boat-like C-ring, as indicated in Figure 2. Similar the generation of the carbocationic intermediate. Analysis of the
coupling constants were found iis-5b, and analysis of those interactions in theis-diastereomers indicated that two major types
data indicated that the 7-methoxy-substituftchdopted a similar of repulsive interactions should contribute to the difference in the

boat conformation as that preferred in the 7-H par8ht as conformations: A2 strairt®¢12and 1,3-diaxial interactions. It is
expected. well documented that the group at the allylic position in a
This was a key finding since the stable conformatiortisf3b cyclohexene ring prefers to occupy a quasiaxial position to release

had not previously been reported; consequently, the preference forA®-2 strain, while substituents in chair conformations tend to orient
the half-boat conformation for these typesaig-conformers had themselves in equatorial positions to reduce the butane gauche (1,3-
also not been proposédreviously, the only report on the stable diaxial) interactions. No doubt, the larger the size of the groups,
conformation forcis-N,-benzyl-1,2,3-trisubstituted tetrahydpoe- the stronger the interactions.
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3a (trans) 3a*TFA (trans)

Figure 3. lllustrations from the X-ray crystal structure @b (bottom),3a (top left), and3a-TFA salt (top right).

Table 5. Specific Rotations of Differentis-Diesters
R1 =H Rl = CH3 ch
Ry =CHz, Rs=H —1.3 Bb)*® +20.0 (Lb)*d
Ry =CsHs, R3=H —3.33b) -+20.0 @b) ®
Rz = CHs, R = OCHg —2.7 Bh) +19.3 @b) H COOR, H |'i-| COORQ

HsCOOC

I

Clearly, the balance between these two interactions would
determine the stable conformation of the stereoisomers (Scheme
4). In theN,-CH; cis-diesterslb and 2b, the equilibrium favored 3b
the chair-like conformerA), despite 1,3-diaxial interactions that ~ Figure 4. Proposed electronic orbital alignmenta$-2b and 3b.
existed in this conformation. In this conformer, the axial orientation
of the substituent at C-1 minimized the interaction between it and Scheme 5

the bulkyN,;-CHs group. An increase in the size of the ester group

at R, from CH; (1b) to CH;CH, (2b) did not alter the stable

conformations. It was thus concluded thst? strain exerted a

controlling effect over 1,3-diaxial repulsions on the favored

conformation in theseis-diastereomers. This finding was further I COOR

supported by the conformation of tiNg-H cis-diester3b. Since a 2 00092

hydrogen atom is small (se8b) as compared to the methyl
substituent at th&l,-indole position, theA®2 strain was relatively
weak in3b. Hence the repulsion between the 1,3-diaxial substituents
became the dominant force and resulted in the half-boat conformer
in 3b to reduce these interactions. In contrast, the cyclohexyl group to delocalize into the*-orbital of the C(1)-N(2) bond and stabilize

at C(1) in thecisisomer of the compound reported by Bailey et the developing carbocationic intermediate. In the boat-like confor-
al%is a very bulky group, and th&.2 strain between it and the  mation in3b (Figure 4), theo*-orbital is approximately parallel,
Na-H group presumably favored the axial position for this sub- respectively with ther-system of the indole double bond to stabilize
stituent. The result was a 1,3-diaxial conformation for this diéSter. the C(1)-N(2) bond cleavage by orbital overlap. However, in the
In brief, thecis-N-H isomers could exist in either the half-chair or  half-chair conformation such as that found 2b, the o*-orbital
half-boat conformations depending on the size of the substituent would be perpendicular to the-system; consequently, generation

COOCHa

COOCH3 H30000

at C-1. In the present work, tlas-isomers in théN,-H series [C-1 of the carbocationic intermediate would be less efficient. It was
substituent; propylmethyl ester group] clearly existed in the half- thus believed that the transition states for the bond-breaking process
boat conformation on the basis of the NMR data. were best achieved from the boat-like conformations of the diesters.

In the presence of TFA, the protonation of thgnitrogen atom This is regarded as the structural basis for the carbocationic
would be expected to occur from the same face as the lone pair of mediated epimerization mechanism of tigisomers into thérans-
electrons and maintain the conformation of the isomers as that in diastereomers.
the free base. This was supported by the X-ray crystal structure of The chair-like conformers of the isomer that undergoes the
3aTFA (Figure 3). In order to cleave the CEN(2) bond to epimerization have to flip into a boat-like conformation to facilitate
undergo the epimerization, it was belie¥edat the orbital of this the C(1)-N(2) scission via the carbocationic intermediate; otherwise
bond should overlap well with the-bond of the 2,3-indole system.  the rate of epimerization will be retarded. In the four possible
Ideally, when this C(1yN(2) bond becomes parallel to the conformations for theis-isomers (Figure 5), conformefs andB
m-electron system of the indole ring, theelectrons would be able  are the two low-energy conformations i and3b, as determined
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Figure 5. Four possible low-energy conformations fas-diesters.
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Figure 6. Approximate energy diagram for the epimerization in bothfXheCH; (left) and N,-H (right) cases.
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by NMR spectroscopy and X-ray crystallography. Conformations equilibrium (cis — trans) to completion. An approximate energy

C andD can be ruled out by the NMR data 8, since they contain diagram and a scheme for the epimerization process are shown in
the substituent at C-10 in an equatorial position and H-3 in an axial Figure 6 and Scheme 6.

position, while HSQMBC data indicated that couplings H-4a,e .

C-10 are consistent with an axial position for the C-10 substituent €0nclusion

in 3b. Furthermore, structure D involved an axial C-1 group and  The stable conformations of both thans-andcis-N,-benzyl-

an equatorial H-1, contrary to the NOE data, which indicated that 1,3-disubstituted diastereomers in tNgH andN,-CHj; series of

H-1 in 3b was axial. It was, therefore, assumed that these latter Pictet-Spengler adducts were determined by analysis of NMR
conformations are not relevant in the analysis. ConforBherthe spectroscopy and X-ray crystallography. In most of the diastere-
preferred conformation required in the transition state for the oisomers 2a, 2b, 3a), the half-chair C-ring was found in the
epimerization. Because of the existence of tlte2pstrain, there is preferred conformer except in the importaiH cis-diesters3b

a value for the energy barrieAE;) for the cis-N,-methyl diester and 5b, which adopted a boat-like C-ring. The determination of
2b to flip into a half-boat conformeB from the ground state half-  these stable conformations3iv and5b is new. SecondA®2) strain
chair conformationA. However, forcisisomer3b the boat-like was regarded as a relatively strong interaction in these types of
conformation is the ground state. There is no need to overcome 1,2,3-trisubstituted tetrahydye-carbolines, although in other cases

AE; before cleavage of the C(AN(2) bond, as required i2b. it has been regarded as a weak interactott. influenced the
Thus, the epimerization dfl,-methyl 2b to 2a requires a higher preferred conformations to a greater degree than 1,3-diaxial
energy barrier and proceeds slower thandiseN,-H diester3b to interactions. Hence in all of the preferred conformatics? strain
trans-3a isomerization. Since the equilibrium was always on the was either initially weak or minimized. The thermodynamic effects
side of thetransisomer, the ground state energy differendég) alone can account for the 1008ans-diastereoselectivity observed

was sufficient in both casedN{-methyl andN,-H) to drive the in the asymmetric PictetSpengler reaction under acidic conditions;



82 Journal of Natural Products, 2007, Vol. 70, No. 1

however, the difference in rates in the epimerization process can
be understood via analysis of the conformations of the diastereo-
mers. Thecis-compounds3b and 5b, which exist in a boat-like
conformation in which thes*-orbital of the C(1)-N(2) bond is
approximately parallel with ther-system of the indole ring,
epimerized much faster than the half-ch&lg-CH; cases. In
agreement with this orbital overlap, the 7-methoxy-substitoied
isomers epimerized much faster thanitheH (parent) compound®.©8
These findings support the boat-like transition states proposed
earlief and provide support for the existence of the carbocationic
intermediate. This conformational evidence, when combined with
previous result§,supports the epimerization mechanism mediated
by this carbocationic intermediaitdhis study may provide a means
for the future design of asymmetric Picte3pengler reactions.

Experimental Sectiort®

General Procedure for the Preparation of Both thetrans- and
cis-DiastereoisomersThe optically activéN,-benzylp-tryptophan ethyl
ester (16.2 mmol) and methyl 4-oxobutanoate (1.15 equiv) were
dissolved in GHs (100 mL) in a round-bottom flask that was equipped
with a Deanr-Stark trap and a reflux condenser. The reaction mixture
was degassed and heated to reflux under argon until all of the tryptophan
ethyl ester was consumed (TLC). The solvent was removed under

reduced pressure, and the crude residue was purified by careful column

chromatography (silica gel, gradient elution, EtOAc/hexan0:1,
15:1, 10:1, 8:1) to provide the puteans-diastereomer and pui@s-
isomer, respectively.

General Procedure for the Kinetic Epimerization Experiments.
The TFA (1.5 equiv) was added to the diastereoisomer, which had been
dissolved in dry CHCI; (0.375 mol/mL), and the mixture was stirred
at rt under argon. At each data point (as indicated in Table 1), a small
amount of reaction solution was diluted with EtOAc. The organic layer
was stirred with a cold dilute aqueous solution of NaH&@d dried
(NaSQy). The solvent was removed under reduced pressure and the
residue was dissolved in GDI, or CDCk to determine the ratio of
the two diastereoisomers Bid NMR spectroscopy.
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