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Abstract—Aided by model compounds and lanthanide-induced chemical shifts (LIS), the assignment of 'H and
13C NMR resonances of some isoquinoline alkaloids is discussed and demonstrated. Two-dimensional shift correlated
NMR and *H NOE difference expermments are used 1n order to assign all proton and carbon chemucal shifts in an
unambiguous way. Due to solubility problems LIS experiments are mmpossible for the quaternary compounds

investigated These compounds are studied using models and 2D NMR

INTRODUCTION

The lanthamde shift reagent Pr(fod); proved to be a
valuable tool for discriminating between methoxyl re-
sonances in 'HNMR of the dibenz[d, fJazonme
alkaloids neodihydrothebamne and bractazonine from
Papaver bracteatum [1] It was also valuable in assigning
the '"HNMR methoxyl resonances of the aporphine
alkaloid isothebaine [2]. The usefulness of lanthanide-
induced shifts (LIS) in !*C NMR was shown in the
assignment of the 13C NMR resonances of the latter
alkaloid and some phenanthrenes {2]. Other literature on
the use of LIS in '3C NMR of related alkaloids 1s scarce
Levin et al. [3] used Pr(fod), induced shifts for the
I3C NMR assignments of reserpme, showing that an
1solated methoxyl group 1s virtually uninfluenced, and
that in the attached 34,5-timethoxybenzoate the 4-
methoxyl group and the C-4 carbon are influenced to a
larger extent than the 3- and 5-methoxyl groups and the
C-3 and C-5 carbons.

In this study some aspects of the use of lanthanide shift
reagents in 'H and *C NMR are reported on a few
representattves of the vast group of isoquinohne alka-
loids. Properly applied and interpreted this techmque can
be very helpful in assigning NMR resonances. One must
be alert, however, for various other effects, some of which
are demonstrated and discussed.

The use of model compounds in the assignment of
13C NMR resonances is well-accepted. Calculation of
13C NMR chemical shifts using the well-known in-
cremental values of standard chemical shift theory gives
for polysubstituted compounds results which are in-

*Present address Bureau Post-Graduate Medical Education
(PAOG), Faculty of Medicine, State University of Utrecht,
Bylhouwerstraat 6, 3511 ZC Utrecht, The Netherlands.

consistent with their actual chemical shifts, Two-dimen-
sional '3C-'H shift correlated NMR [4], together with
13C-'H long range correlation experiments, are used as a
reliable means for obtaining absolute assignments of all
signals

RESULTS AND DISCUSSION

Structural features common to many soquinoline alka-
loids are oxygen-substituted phenyl nucler. In our earlier
work on P. bracteatum constituents [ 1, 2], the lanthamde
shift reagent Pr(fod); was found to chelate specifically
with the oxygens of ortho-dimethoxy and ortho-hydroxy
methoxy substituents, and to exhibit virtually no inter-
action with 1solated methoxyl groups. The interaction
with an N-methyl group was found to be weak.

In order to assess these effects in !3C NMR, we studied
first some substituted benzenes serving as model com-
pounds for substitution patterns commonly encountered
in natural products A study of 2-methoxyphenol was
included 1n our report on 1sothebaine [2]. The exact
geometry of the complex of substrate and chelating agent
was reflected in secondary effects observed These effects,
mainly observed in the peak heights of the resonances [2],
are so dependent upon the exact geometry, that their
discussion is beyond the scope of the present paper.

Lanthanide-induced effects for some substituted benzenes

For 1,2-dimethoxybenzene (1) the preferential co-
ordination of the shift reagent Pr(fod); with the oxygen
atoms 1s reflected 1n the induced shifts dJ, in 'H NMR as
well as in 3C NMR (Table 1). A polysubstitution effect is
noted 1n the data obtained for 2,3-dimethoxytoluene (2).
In the 'HNMR shift experiment, the C-2 methoxyl
substituent, found at §3.81, is most influenced. The
already hindered 2-OMe methyl group of 2 is further
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Table 1 'H and '*C NMR chemical shifts (ppm) and lanthamide-induced chemical shifts (normalized shielding
gradients) for model compounds 1-3 in CDCl,

Identification

of nucleus 1 2 3

‘H 13¢ Sy Ay oc  ddc by dby dc  déc b¢

C-1 — e 1485 S8 — s 1316 16 1305

C-2 e — 1485 58 — - 1471 66 1130
H-3 C-3 690 16 1109 17 — — 1524 59 1492
H-4 C-4 690 54 120.3 94 696 13 109 8 14 147.3
H-5 C-5 690 54 1203 94 678 47 1233 53 111.9
H-6 C-6 690 16 1109 17 674 45 1225 53 1211
Me Me — — — -— 226 87 154 11 209
1-OMe 1-OMe 3.89 30 551 45 — —- - - —
2-OMe 2-OMe 3.89 30 551 45 381 26 596 46 —
3-OMe 3-OMe — -— - — 386 178 553 32 558*

4-OMe — — — — — - - o 56.0*

*Interchangeable assignments.
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forced out of plane by the presence of the C-1 methyl
substituent on chelation with the shift reagent. These
results are in accordance with the 1C NMR experiment
(Table 1). Consequently, the induced shifts are
asymmetrically distributed over the aromatic nucleus of
2.In Table { the *C NMR data on 3,4-dimethoxytoluene
(3) are included. The assignments of compounds 2 and 3
were mainly based on examiation of their 'H-coupled
13C NMR spectra

Backebergine

Hughes et al. [5] published calculated '3C NMR spec-
tral parameters for 6,7-dimethoxyisoquinoline (4), re-
cently found as a natural alkaloid, and named back-
ebergine [6]. These caiculated values were indiscrimi-
nately adopted as representing measured values by sev-
eral authors [7-9]. These shifts, however, differ consider-
ably from the actual values, obtained for this alkaloid (see
Table 2).

In a 50.32 MHz 3C-'H shift correlated 2D exper-
iment, optimized for polarization via 'J of 140 Hz, the
13C NMR resonances at & 103.7, 104.4, 118 4, 141.1 and
149.1 were shown to be connected with the 'H NMR
resonances at 67.00 (d, J=08 Hz), 715 (d, J=0.8 Hz),
7.50(ddd, J=517,0.9 and 0.8 Hz, H-4), 8.47 (d, J=5.7 Hz,
H-3)and 9.09 (dd, J =0.9 and 0.8 Hz, H-1), respectively. In
a NOE-difference experiment, irradiation at 69.09 (H-1)
resulted in a clear NOE-effect [10] on the resonance at
67.15. Consequently, the latter resonance must be as-
cribed to H-8.

In the !3C-*H correlated spectrum, the '3C NMR
resonances at 655.12 and 55.17 were found to be con-
nected with the 'H NMR singlets at §4.024 and 4.015,
respectively. A NOE experiment in 'H NMR was per-
formed by irradiation of the methoxyl resonances using
low decoupling power and increasing the irradiation
frequency stepwise while observing the intensities of the
H-5 and H-8 resonances. This experiment showed that
the 7-OMe resonance is to be assigned at 54.024 and the
6-OMe at 64.015 (see Table 2).
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Hughes et al. [5] calculated the !3C NMR resonance
positions of the benzenoid ring of 4 by applying shift
parameters for two ortho-methoxy groups to the litera-
ture data on 1soquinoline 5 [11]. Those shift parameters
were obtained by comparison of the spectra of benzene 6
(6128 5) and 1,2-dimethoxybenzene 1 (§,-6,) From the
datan Table 2 it can be derived that the latter parameters
have a bad fit with experimental data 2,3-Dmmethoxy-
naphthalene 7as expected will serve as abetter model for
assessing the effects of the ortho-methoxy groups in the
13C NMR spectrum of 4. Comparison of the chemical
shifts of 7 [12] with those of naphthalene 8 [12] affords
the incremental values (6,-dg), which indeed have a better
fit with the experimental data than the increments used 1n
ref. [5]. These data show the necessity of using models
having structural features most comparable to the ones of
the compounds being studied.

In sharp contrast to the induced chemical shift behav-
1our of model compound 1, the corresponding data on 4
reveal a substantially different interaction of the shift
reagent with the substrate. A very strong coordination
with the mitrogen atom of 4 is observed, whereas the
methoxyl resonances remain almost uninfluenced (see
Table 2).

Isobackebergine

For isobackebergine 9 [6] (7,8-dimethoxyisoquinoline)
a !3C-'H correlated 2D expermment showed that the
13C NMR resonances at 6 146.2, 140.2, 121.7, 119.1 and
118.9 were connected with the H NMR resonances at
8949 (dd, J=1.0 and 0.9 Hz, H-1), 8.36 (d, J=5.8 Hz,
H-3),7.49(dd, J =9.0 and 0.9 Hz, H-5), 7.41(d, J=9 0 Hg,
H-6) and 7 48 (dd, J=5.8 and 10 Hz, H-4), respectively
The methoxyl resonances were correlated as follows.
660.5-4.01 and 6 55.9-3.93 A NOE difference experiment
in 'H NMR showed upon irradiation at § 9.49 (H-1) a
clear effect on the methoxyl resonance at 44 01, which
therefore is to be assigned to the 8-OMe group, whereas
irradiation at 4 3.93 showed a corresponding effect on the
H-6 resonance at 67 41. These assignments were verified

Table 2. *H and '*C NMR chemcal shifts and Pr(fod); induced chemical shifts of 6,7-dimethoxyisoquinoline (backebergine) 4 and
1soquinoline 5 1n CDCl,; some incremental values, based on comparison of model compounds

Identification

mcrements in ’C NMR

of nucleus 4 5 observed calculated
H 13¢C Oy déy ¢ ddc M déy  Oc dde 0,04 8,0, 0,70
H-1 C-1 9.09 564 1491 111 927 98 1523 116 —32 -— —-15
H-3 C-3 8.47 562 1411 104 855 98 1428 112 -17 - —16
H-4 C-4 7.50 189 1184 236 763 33 1202 28 —18 - —~15
C-4a — — 1317 304 — — 1355 34 -38 - 76 —~43
H-5 C-5 700 101 1037 108 nd* and 1262 12 —225 —-169 215
H-6 C-6 — — 1522 92 nd. ud 130t 11 +221 +208 4238
H-7 C-7 — — 149.5 56 nd nd 127Q 13 +225 +208 +238
H-8 C-8 718 116 1044 150 nd and 1274 1 —-230 —~169 —215
C-8a — — 1240 214 — — 1284 24 —44 -76 —43
6-OMe  6-OMe 4015 444 552 4.2 — — — — — — —
7-OMe  7-OMe 4024 2.87 551 42 — —_ — — — — -

*n d.=not determined
tUsed 1n ref. (5]
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Table 3 'H and C NMR chemical shifts and Pr(fud), induced chemucal shifts of isebackebergine 9 in CDCly
Idenufication Increments m 3CNMR
of nucleus g 9~ observed calculatad
H B3C By dé,  de dé.- St dc dy=dg d-d Oy 0, doy 0y
H-! -1 949 512 1462 105 991 1476 —6!
H-3 C-3 836 512 1402 109 855 1419 -26
H-4 C-4 748 173 1189 263 718 1199 -13
C-4a —- — 130.5 305 —_ 1318 —30 —-61 —90 —71
H-3 C-5 749 91 1217 115 711 1226 -4 4 —44 -29 —27
H-6 C-6 7 41 64 1191 39 694 1205 — 110 ~-151 ~ 166 — 162
C.7 - - 1478 55 1490 +208 +248 +216 4225
C-8 ~- — 1426 130 - - 144 1 +112 186 +103 +90
C-Ra — — 1232 204 - 124 6 —52 ~-59 -69 -69
T-OMe 7-OMe 393 42 559 36 133 566 -
3-OMe $-OMe 401 £35S &0 37 610 - -
*In C Dy
T, 4=103Hz, J, ;=078 Hz J, ,—ST4 Hz, J, ,~R 9T Hz
by recording a symilar '2C-*H correlated 2D experiment  Papavertne

in C,Dg. In this solvent the *H NMR resonances of H-4,
H-5, and H-6 were better separated (Table 3). The
resonances of the quaternary carbons were identified on
account of their multiplicities in the fully proton coupled
spectrum (in CyDy).

Examination of the figures for d;-8; (the increments
observed for compound 9 with respect to 1soquinoline §;
Table 3) mndrcates profound differences from the addi-
tivity parameters observed for ortho-dimethoxy substi-
tution in the pars 4/5, 1/6 and 7/8 (Table 2). Bearing in
mind the limitations set by the absence of the second
aromatic riig in the models, the 3,- &, figures for C-7 and
C-8 roughly resemble the parameters observed for the
pairs 2/10, 11/10 and 12/6 (Table 3), and consequently
indicate that the mesomenc interaction of the C-8 meth-
oxyl group with the aromatic r-system 1s largely in-
hibited. The 8-OMe methy! group preferentially occupies
an out of plane position, as a result of steric crowding. A
similar effect was noted earlier in the **C NMR spectra of
some phenanthrene derivatives [2]. The ortho-effect
exerted by the two methoxyl groups on the methyl
bearing carbon in the model 2 amounts to — 5.9 ppm, 1n
good agreement with the chemical shift observed for C-8a
in?®

The induced chemical shifis indicate that the bulky
shift reagent 1s slightly hindered in 1ts coordination with
the nitrogen function of 9, when compared with com-
pound 4 The induced chemical shift for C-3 now just
surpasses the one of C-1 The distribution of the induced
shifts over the 1soquinoline nucleus otherwise is com-
pletely in line with the results obtamned for 4 Scome
coordination with the C-7 and C-8 methoxyl oxygens is
responsible for the small induced shifts of the methoxyl
resonances of compound 9 The 8-OMe methyl group will
be forced further out of plane, which explains the larger
shift observed for the C-8 methoxyl resonance than for
the unhindered C-7 methoxyl group This resuitis fully m
ling with the data for the model 2,3-dimethoxytoluene 2

Papaverine 13 combines a 6.7-dimethoxyisoqumohne
(4) morety with 2 3.4-dimethoxytoluene (3) part The
13C NMR spectrum of 13 was assigned by Marsaiol er al.
[8] by comparison with calculated spectral parameters of
4 [5], which, as already stipulated, differ considerably
from the actval values (Table 2} Companson of the
chemucal shifts of 13 (Table 4) with those of 4 shows that
the benzylic C-1 substituent does not have an appreciable
y-effect on the resonance position of C-§, as was supposed
by Marsaich [8] m order 1o explain the differences
observed with the calculated figures for 4 The actual
shifts of 4 fit very well with the spectral parameters of 13,
and, as antiopated, 3,4-dimethoxytoluene 1s a good
model for the benzylic part of papaverine 13

The Prfed}, induced shifi experrment m 13C NMR of
13 gave most surprising results. in sharp contrast to the
induced shift behaviour of backebergine 4, for 13 no
coordmation of the shift reagent with the mitrogen atom s
observed (Table 4) Instead, the oxygens of the benzylic
part of the molecule function as ligands, while, again
surprisingly, the oxygens of the soquinchne moety
remain virtually unmfluenced Consequently, 1t 1s con-
cluded that the coordination of the shift reagent depends
on the structure of the substrate and displays a remark-
able selectivity It 1s hikely that the nitrogen functionin 13
cannot be approached by the bulky shift reagent. because
of the vicimity of the benzylic C-1 substttuent

6,7-Dimethoxy-2-methylisoquinolimum iodide

The assignments of H-1 and H-3 of 14 were obtained 1n
a NOE difference expeniment upon irradiation of the
proton resonance al 84 35 (N-methyl). A '3C -'H corre-
lated 2D spectrum then provided assignment of the
proton-bearing carbons

Application of this technique via long-range Jyy [13]
proved particularly useful for these aromatic ring con-
taming alkaloids. Cross-section plots of the individual
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Table 4. ‘H and '*C NMR chemical shifts and Pr(fod); -
duced chemical shifts for papaverine 13 in CDCl,

Identification

of nucleus 13
'H 13C Sy ddy, d¢ déc
C-1 — — 1575 75
H-3 C-3 838 38 1407 7.1
H-4 C-4 740 19 1184 25
C-4a — — 1331 28
H-5 C-5 703 26 105.0 2.8
C-6 — — 1521 72
C-7 — — 1495 79
H-8 C-8 7.35 57 103.9 4.6
C-8a — — 1226 41
H-la C-1a 455 57 419 80
C-1 — — 1320 9.4
H-2 Cc.2 674 145 117 155
C-3 — — 148 8 484
Cc-4 — — 1473 486
H-5 C-5 6.78 136 1110 150
H-6' C-6' 681 71 120.2 88
6-OMe 6-OMe 399 33 555 48
7-OMe 7-OMe 391 438 555 6.5
3-OMe 3-OMe 378* 252 555 376
4-OMe 4-OMe 382* 257 555 376

*Interchangeable assignments
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columns through each carbon shift showed which pro-
tons are involved in long-range couphngs. Under the
chosen experimental conditions 3Jcy- and some 2J¢y-
correlations were observed, whereas 'J,-correlations
were suppressed.

The C-1 resonance at §144.2 proves to be coupled with
proton resonances at 64.35 (N-methyl), 7.56 (evidently
H-8), and 8.12 (H-3). The carbon resonance at §1576
showed long-range correlations with proton resonances
at 63.93 and 7.56 (H-8) Therefore the former resonances
represent C-6 and the proton signal of 6-OMe. The signal
at 6 135.1 was correlated with §7.56 (H-8), 8.12 (H-3) and
941 (H-1), and consequently 1s due to C-4a. Herewtth all
resonances in 'H as well as '3C NMR of 14 are fully
identified (Table 5).

The C-3/C-4 double bond of backebergine 4 1s highly
polarized upon N-quaternization (C-3 —8.2 ppm, and
C-4 +5.0ppm). With respect to the methoxyl group
bearing carbons, C-6 is found most downfield as a result
of charge delocalization, in which the quasi-para position
of C-6 1s prominent [14]. The effect of N-quaternization
on the resonance position of C-6 1n 4 is virtually identicai
with the effect observed for C-6 n isoquinoline meth-
1odide 18,

7,8-Dimethoxy-2-methylisoquinolinium wdide

Irradiation of the 'H methoxy! signal of compound 16
at 64.03 in a NOE difference experiment gave a clear

Table 5 'H and '})C NMR chemical shifts 6,7- and 7,8-dimethoxy-2-

methylisoquinolinmum 1odide, 14 and 16, respectively, i CDCl,/
CF,COOD (5 1)
Identification
of nucleus 14 15* 16

'H 3C dut ¢ ¢ ot O
H-1 C-1 941 1442 150 5 961 144.8
H-3 C-3 812 1329 1357 818 1325
H-4 C-4 803 1234 1269 819 126 1

C-4a — 1351 1377 — 1315
H-5 C-5 733 1049 1280 7.86 1229
H-6 C-6 - 1576 1377 791 1268
H-7 C-7 — 1526 1306 — 1513
H-8 C-8 7.56 1063 1321 — 1446

C-8a — 1238 1279 — 1236
6-OMe 6-OMe 393 567 — — —
7-OMe  7-OMe 386 563 — 403 570
8-OMe 8-OMe — — — 415 622
N-Me N-Me 435 475 49.0 4.54 491

*The data on isoquinoline methiodide 15 (in D,0/H,0, 1 : 1) are taken from
ref [14],1n ref [15] the assignments of C-7 and C-8 are erroneous and should

be interchanged
tJy,3=144Hz, J; ,=674 Hz

tIn dilute solution J, y=145Hz;J; ,=680 Hz, J c=9.10 Hz, the signal
of H-S was broadened due to coupling with H-1
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effect on the resonance at 3 7.91 These resonances conse-
quently are due to 7-OMe and H-6, respectively

For compound 16 **C~'H correlated 2D specira were
recorded, in separate expertments optimized for couplings
of 140Hz (*Jy) and 12 Hz (leng-range Jcy), respect-
wvely The '3C NMR resonance al §144.8 was coupled
with *H NMR signals at 4791 (H-6), 4.15 (8-OMe) and
9.61 (H-1) Consequently this '*C resonance 15 due to C-8.
The "*C NMR resonance at §131.5 shows long-range
couplings with ‘H NMR signals at 6791 (H-6), 8.18 and
9.61 (H-1), and therefore is to be assigned to C-4a,
whereas H-3 1s found at $8.18 The practically comciding
H-3 and H-4 resonances could be distinguished in spectra
of 16 in dilute solutien, the F1-3 resonance then showing a
3J 3 of 1 45 Hz {verified by irradiation at 69 61) C-3 was
observed at 8132 5, showing 3J;, with 54 54 (N-Me) and
961 (H-1)

In agreement with the observations on soquinoline
methiodide 15, the unsubstituted C-6 in compound 16 1s
still capable of donating to the electron deficiency at
nitrogen, whereas the contribution of an o-qunonoidal
structure mvolving the C-8 methoxyl group is virtually
nil The latter effect may be explained from the out-of-
plane position of the C-8 methaxyl group, which conse-
quently cannot contribute to the electron deficiency m the
150quinolinium rotety

Berherine chioride

Though compound 16 serves as a good mode] for the
assignment of berberine chlonde 17, some resonances yet
had te be considered as interchangeable To overcome

Table 6 'H and '*C NMR chemcal shifts of
berberine chloride 17 in CDCL/CF,COOD (5 1)

Identification
of nuclcus 17
]H HC ﬁ ()(
H-1 C-1 739 1051
C-la - 119 8
-2 148 6
C-3 — 1510
H-4 C-4 683 108 5
C-4a — 1298
H-s C-5 324 272
H-6 C-6 488 563
H-3 C-8 954 144 1
C-8a - 1218
Cc-9 - 144 1
C-10 — 1505
H-11 C-11 790 1269
H-12 C-12 788 i231
C-12a - 1335
H-13 C-13 834 1202
C-13a — 1382
OCH,O OCH,0O 607 1023
9.-0OMe 9-OMe 419 619
10-OMe 407 567

*Joe=ca OHz J,; ,=909 Hz

R.H A M JanssEN et ol

ths, "2C-'H correlated 2D specira were tecorded simi-
larly as for compound 6.

Carbon C-6 {3 56.3) showed long-range coupling with
the signal at 49 54, which consequently 1s to be assigned
to H-8 The carbon resonance at 4144 1 (C-8) comncrded
with the C-9 resonance This was confirmed by using the
APT (Attached Proton Test) pulse sequence in '*C NMR
[16]

The 'H NMR data obtamed (Tabie 6) show that the
hiterature data on berbenine (in DMSQ-d,) reported n
rel [17] are erroncous as far as H-8 and H-13 are
concerned, these assignments are to be interchanged
Among the few assigned carbon resonances of 17 i ref
(7], those of C-11. C-12 und C-13 are erroncous The
correct assignments are given in Table 6

CONCLUSIONS

The use of proper model compounds and correct use of
the mcremental values of standard chemical shift theory
can be helpful in the assignment of much more compl-
cated structures Yet, in some cases certdm resonances
cannot be discrimunated on account of such comparison
alone The use of lanthanide shift reagents may then
provide addrtional information The provisions for such
use of LIS are the presence of chelaung groups, and the
use of a non-mterfering solvent. such as CDCl; The
presence of an electric charge i the molecule requires the
usc of highly polar solvents, hke DMSQ, alcohols, acids,
etc., which preclude successful use of lanthande shift
reagents The latter provision prevented the use of LIS for
the assignments of the quaternary alkalowds studied
above One must be alert for speaific effects, dependent on
structural features of the compound studied This 1s
exemplified by the chelaung effect of a tertiary nitrogen
{weak]) [1, 2], versus the effect of an aroman¢ mtrogen
(strong), and the observation that cven a benzyhic substr-
tuent al an x-carbon may prevent successful chelauon
wilh an otherwise strongly chelating function 2D Exper-
ments enable full assignment of all resonances Such
expeniments, however are more fime and money con-
suming than the more conventional technigues There-
fore, the dala presented here may serve as a guidance for
assignments of related molecules

EXPERIMENTAL

*H and ' NMR spectra were recorded from 0 2 mol/1 CDCI,
solns unless noted otherwise The 'H and "'C NMR specira of
compounds 1-3. §, and 11- 13 were recorded at 90 and 20 MHz,
respectively '*C NMR spectra of some of these compounds weie
also recorded at 5032 MHz Compound 9 was studied in C, D,
soln at 250 13 MHz {1H) and 62 89 MHz (**C) The spectra of
the other compounds and the 2D '’C-'H shift correlatton
spectra were cbtained at 200 [3 ('Hj and 3032 MHz (1*C)
Solvents are mentioned in the Tables Chemical shifts (2) in ppm
were determuined relative to the solvent signal and converted 1o
the TMS scale

Lanthamde-induced shift expts were performed m CDCL,
using Prifod); as shift reagent. us reported in ref [2] The
resulting induced chemical shiits are expressed as normalized
shuelding gradients do (calculated induced shifts m ppin for
equimolar complexes)

Synthesis of compounds 4. 9, 14 and 16 These syntheses were
performed according to ref [18]
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