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The *C and *H nmr spectra of chloroindoles and chlorotryptophans in methanol-d, were assigned based
on 1-D and 2-D nmr techniques, including COSY, inverse-detected direct (HMQC) and long-range (HMBC)
correlation. Chlorine substitutent effects in chemical shifts (SCS) for chlorotryptophans and chloroindoles
were calculated and compared. The correlations were linear except for 4-chlorotryptophan, which suggests
structural changes on the indole ring between 4-chlorotryptophan and 4 chloroindole. The conformational
analysis based on the coupling constants of the side chain also showed a change in the fractional population
of the rotamers between 4-chlorotryptophan and the other chlorotryptophans.

J. Heterocyclic Chem., 31, 711 (1994).

Introduction.

After 6-chloro-D-tryptophan was identified as a nonnu-
tritive sweetener [2], there has been an increasing interest
in chemical and biological properties of chlorotrypto-
phans. 4-Chloro-L-tryptophan was isolated from a hydrol-
ysate of the protein of pea seeds [3], and 5-chloro-D-trypto-
phan was isolated from the hydrolysate of the antibiotic
longicatenamycin [4]. 7-Chlorotryptophan was found to be
a substrate of L-tryptophan-2,3-dioxygenase from Pseu-
domonas aureofaciens [5]. Despite the broad spectrum of
practical applications of chlorotryptophans, the *C nmr
spectra have not been studied. Among the reported 'H
chemical shifts (CS) of 4-, 5- and 6-chlorotryptophans
[3,4,6], only those of 5-chlorotryptophan were assigned [3}.
In another study, nmr spectra of 5-substituted indoles
have been reported, in which the 'H and **C CS of 5-chlo-
roindole were assigned [7]). The '*C CS values of chloro-
tryptophans have not been reported, even in recent syn-
theses of chlorotryptophans [3,5,8,9]. In the present paper
we unambiguously assign 'H and '°C nmr spectra of chlo-
rotryptophans 2b-e and chloroindoles la-e, calculated the
chlorine SCS, and compare the chlorine SCS of 2b-e with
those of 1b-e.

Results and Discussion.

Table 1
1H Chemical Shifts of Chloroindoles and Chlorotryptophans

Compound H-2 H-3 H-4 H-5 H6 H7 oH BH B-H

1a 7.23 644 755 700 7.10 739 - S -
2afa] 714 - 1770 701 7.10 733 357 329 291
1b 731 653 - 703 707 134 - - -
2b 720 - - 697 7.01 728 3.66 358 3.08
1c 729 643 753 - 707 736 - - -
2c 720 - 773 - 705 731 354 326 290
1d 7.26 6.46 751 699 - 139 - - =
2d 7.18 - 7.67 699 - 7135 355 327 293
le 731 652 750 698 7.2 - S S :
2e 724 - 1767 700 702 - 356 329 295

[a] Data taken from Ref 1.

The 'H and *C nmr data for chloroindoles and chloro-
tryptophans in methanol-d, are given in Tables 1 and 2,
respectively. For comparision, the analogous data of tryp-
tophan are also included. Since the solubility of most chlo-

Table 2
13C Chemical Shifts of Chloroindoles and Chlorotryptophans [a]

Compound C2 C-3 C-3a C4 CS C6 C7 CTa

la 125.4 1022 129.4 121.1 1199 122.1 112.1 1376
2a [b] 124.5 1125 129.1 119.7 119.7 1223 1122 1382
1b 126.4 100.7 128.0 1265 119.6 122.8 1i1.0 1384
2b [c] 126.3 113.1 1255 1269 1206 1227 1113 1398
1c 127.2 102.1 1305 1204 125.6 122.3 1133 136.0
2c 1262 112.4 1302 1192 1255 1224 1133 1366
1d 126.5 102.5 128.1 122.1 1205 1280 111.9 1380
24 125.5 112.9 127.8 1209 120.1 1282 111.9 1385
le 1267 103.4 1313 1200 1208 121.6 117.6 134.6
2e 125.7 113.8 131.0 118.7 1205 121.7 117.6 1350

[a] The 13C CS for a-C, B-C and COO- except 2b are 57.9-58.0, 32.5-
32.7 and 182.2-182.4 ppm, respectively. [b] Data taken from Ref 1. [c]
The 13C CS for a-C, B-C and COO- are 59.2, 33.7 and 182.4 ppm,
respectively.

Ry Rz Ry R4
la, 2a H H H H
1b, 2b Ci H H H

H Cl H H
le, 2¢
© H H c H
14, 24 H H H cal
le, 2e

rotryptophans in methanol was very low (<0.1%), the
spectra of 2a-e (20-25 mM) were measured in 0.1N sodium
deuterioxide/methanol-d.

The 'H and “*C assignments of la-e and 2b-e were
achieved by 'H-'H COSY (10}, HMQC (heteronuclear mul-
tiple quantum coherence) [11] and HMBC (heteronuclear
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Figure 1. Contour plot of the COSY spectrum of indole.

multiple bond correlation) [12] 2D experiments, in addi-
tion to 'H and "*C 1D experiments. Since the 'H CS of in-
dole were solvent and concentration dependent [13], it was
necessary to unambiguously assign 'H specira of la in
methanol-d; which has not been used previously as sol-
vent. The assignments were obtained from COSY data
shown in Figure 1. The resulis confirmed the previously
reported long-range coupling beiween H-3 and H-7 (1.0
Hz) as well as between H-4 and H-7 (0.6 Hz) [14,15]. The
correlation of these assignments with the *C signals in the
HMQC spectra made it possible to assign the '*C reso-
nances, and the order of '*C CS agreed with those in chlo-
roform-d [16]. These characteristic long-rang couplings in

indole have been applied to the assignments of 'H spectra
of chloroindoles.

The assignments of *C spectra of 5- and 7-substituted
indoles le, le and tryptophans 2¢, 2e have been accom-
plished from HMQC spectra (Figure 2). The **C resonance
signals for the quaternary carbons, 3a and 7a, were differ-
entiated based on the positions of the corresponding sig-
nals of indole and tryptophan. The characteristic upfield
signals for C-5 and C-7 made them straightforward to
assign. The signals of chlorinated carbons were "always
higher than C-3a and C-7a, but lower than C-3, for chloro-
tryptophans. The order of the assigned CS of lc agreed
with those reported, even though the solvent was different

(71
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Figure 2. Contour plot of the 2D 1H-13C HMQC spectrum of 5 -chloroindole.

The *C assignments of 4- and 6-substituted compounds,
1b, 1d, 2b, 2d, required HMBC as well as HMQC, be-
cause some signals appeared in a very narrow range. In
the case of 2d, there were three pairs of signals within 1
ppm of each other that were around 112, 120 and 128
ppm. Among these, the pair at 112 ppm were trivial to as-
sign due to the difference in the chemical nature. The pair
at 120 ppm was differentiated on the basis of the HMQC
data, in which the crosspeaks appeared between the 'H
doublet at 7.67 ppm and the °C signal at 120.9 ppm, as
well as between resonances at 6.99 ppm and 120.1 ppm
[

The resonances of the remaining pair of quaternary car-
bons have been assigned based on the comparison of the
peak height. The signal at 128.2 ppm (C-6) was about twice
as high as the other at 127.8 (C-3a). These assignments
were confirmed from the HMBC plot, in which the former
had two crosspeaks corresponding to H-4 and H-7. On the
other hand, the latter had crosspeaks with H-2 and H-5 sig-
nals, as shown in Figure 3. The same strategy was used for
assigning the C-3a and C-4 resonances of 1b and 2b, as-
signing the chlorinated carbon by comparision of heights

of peaks, and finally confirming the assignments by
HMBC [17]. On the other hand, the C-3a and C-6 reso-
nances of 1d were so close (<0.1 ppm) that the assign-
ments based on the comparison of heights were not con-

firmed by HMBC.

After we assigned all **C resonances of la-e and 2b-e,
we calculated the chlorine SCS for indole and tryptophan
by subtracting the *C CS for indole and tryptophan from
those of chloroindoles and chlorotryptophans, and the re-
sults are shown in Table 3. The chlorine SCS for the ben-
zene ring of chloroindoles and chlorotryptophans are 5 ~7
for o-carbons, —3~1 for [-carbons, 0.3~19 for
v-carbons, and ~ 1.7 ~ —0.9 for &-carbons, in terms of dif-

H, H, H,
R Hy Hy R Hy Hy
HN COOH w@mn H,N COoH
Hy Hy R
Rotamer | Rotamer I Rotamer I
Pi=ap-Ip)/UrTg) Pu=(ap-Jg)/Je-Jg) Pin=1-Pi-Pi
B=13.56 J;=2.60 (1)
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Figure 3. Portion of the 2D 'H-13C HMBC spectrum of 6-chlorotryptophan.

ferences from indole and tryptophan. The changes in the
C-2 resonances were always 1 ~2 ppm downfield. On the
other hand, C-3 varied from 1.3 ppm downfield to 1.5 ppm
upfield. Like other aromatic compounds, &-effects are
stronger than y-effects except in the case of le and 2e.
The comparison of the chlorine SCS for tryptophan with
those of indole are shown in Figure 4. The correlation is
linear to an excellent approximation, with correlation coef-

ficient of 0.99, except in the case of 1b and 2b. The 'H CS

Table 3
The Chlorine SCS for Chloroindoles and Chlorotryptophans

Compound C-2 C3 C3a C4 C5 C6 C7 CJa
1b 09 -15 -14 54 -03 07 -10 08
2b 19 07 36 1713 1.0 04 -09 1.6
1lc 1.8 -0.1 1.1 07 57 02 12 -16
2¢ 1.8 0.0 1.2 04 59 01 1.2 -17
1d 1.1 03 -13 1.0 06 59 -02 04
2d 1.0 04 -13 13 05 59 02 03
le 1.3 1.2 1.9 -L1 09 -05 55 -30

2e 1.2 13 19 -09 09 -06 54 -32

of one of the B-protons of 2b (3.58 ppm) was different from
the others (3.25-3.29 ppm), which suggests that there are

Chlorotryptophan (ppm)
8

6|

4 F

4 { «t 50 8Q mu—]
A a (o} Q

1 1 — 1 1

8 -4 -2 0 2 4 6 8

Chioroindole (ppm)

Figure 4. Linear relationship of the chlorine SCS between chlorotrypto-
phans and chloroindoles.
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structural changes between 2b and the others. The cou-
pling constants between the o and B-protons of 2b were
also different from those of the others (Table 4).

Table 4
The Fractional Population of Chlorotryptophans [a]

Compound Jof Jaf P Pn P
2a 4.25 8.64 55 15 30
2b 5.1 8.3 52 23 25
2 4.4 8.4 53 16 31
2d 4.5 83 52 17 30
2e 4.46 8.24 51 17 32

[a] The assignments of two fB-protons were based on Refs 19, 20.

The nature of the structural change in 2b was clear
when we compare the side chain rotamer populations. The
fractional population can be calculated from the coupling
constants according to Pachler’s equation (equation 1)
[18]. The fractional population of rotamer I (P,) of 2b was
slightly smaller than those of tryptophan and the other
chlorotryptophans, but that of rotamer I (P,;) was signifi-
cantly larger than those of tryptophan and the chloro-
tryptophans (Table 4). The population of rotamer I1I (P,)
of 2b was also smaller than those of the others.

It was expected that the effects due to the structural
changes of 2b would be concentrated on the carbons
around the chlorine and side chain. Thus the largest dif-
ferences in the chlorine SCS between 1b and 2b (CS of 2b
- CS of 1b) were shown at C-3 (—2.2), C-3a(2.2), C-4(—1.9)
and C-5 (—1.3). These differences were smaller than those
of the methyl SCS between 4-methylindole and 4-methyl-
tryptophan (C-3, —2.5; C-3a, 1.8; C-4, —2.8; C-5, — 1.9)[1].
On the other hand, the fluorine SCS of 4-fluorotryptophan
did not show any unusual effects, compared with those of
other fluorotryptophans [21]. An analogous steric effect
has been observed for 1,8-disubstituted naphthalenes
[22-24] and geometric distortions were suggested as an ex-
planation for the effect [23]. Qur results suggest the angle
distortion may be accompanied by a conformational
change in the case of 2a. Thus, whenever the SCS of in-
doles with large substituents is applied to the correspond-
ing tryptophans, it should be checked for steric effects in
the 4-substituted derivative. These results suggest that the
4-substituted tryptophans, when incorporated into pep-
tides, will result in structural and conformational differ-
ences compared with the natural peptides.

EXPERIMENTAL

The 'H and "*C spectra of la-e and 2b-e were recorded on
Bruker AC-300 (300.135 MHz) and AC-250 spectrometers (62.896
MHz), using digital resolution of 0.20 Hz and 0.72 Hz per points,
respectively. Solutions (20-25 m M) in methanol-d; or 0.1 Nsodium
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deuterioxide/methanol-d, were placed in 5 mm o.d. sample tubes
at 20°. Chemical shifts were referenced to internal TMS.

The HMQC 2D spectra were obtained on the Bruker AC-300
spectrometer using the pulse sequence developed by Bax and co-
workers [11]. The fixed delays correspond to a ‘J(CH) coupling of
150 Hz. Other typical parameters were as follows: spectral width,
1.54 KHz (‘H-1a-d), 1.67 KHz (*H-2b-d), 2.1 KHz (**C-1a-d), 4.5
KHz (**C-2b-d); data matrix, 512 x 512; recycle delay, 2 seconds;
number of transients, 256; increments of the delay time, 64. Total
acquisition time for the data was 11 hours.

The long range HMBC data were acquired using the pulse se-
quence of Bax and Summers [12]. Because of the remaining am-
biguity about the correlations of the two quaternary carbons
(C-3a and C-6) of 2d, we ran the HMBC twice using different *C
spectral widths. The fixed delays correspond to a single long
range coupling of 10 Hz. Other typical parameters were as fol-
lows: spectral width, 1.5 KHz (*H-1b), 1.67 KHz (*H-2b, 2d), 2.1
KHz (**C-1b, 2d), 5.8 KHz (**C-2b); data matrix, 512 x 512; recy-
cle delay, 2 seconds; number of transients, 256; increments of the
delay time, 64. Total acquisition time for the data was 11 hours.

COSY spectra were acquired using a standard pulse sequence
employing phase cycling of 45° instead of 90° [10]. Other typical
parameters were as follows: spectral width, 1.5 KHz; data matrix,
1K x 512; recycle delay, 2 seconds; number of transients, 256;
increments of the delay time, 8. Total acquisition time for the
data was 90 minutes.

Compounds la-d were purchased from Aldrich Chemical Co.
and were used without further purification. Compound le was
prepared by the procedure of Rydon and Tweddle [25]. Chloro-
tryptophans 2b-d were synthesized enzymatically from L-serine
and corresponding chloroindoles according to our procedure

[26].
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