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Synthesis and biological evaluation of noscapine analogues as
microtubule-interfering agents

DAI Hou-ling', ZHENG Jian-bin'", LIN Min', ZHENG Jing', ZHOU Fu-sheng?,
DONG Xiao-chun®, GUO Lei', LIU Jian-wen', WEN Ren'?

(1. Shanghai Key Laboratory of New Drug Design, School of Pharmacy, East China University of Science and Technology,
Shanghai 200237, China; 2. School of Pharmacy, Fudan University, Shanghai 201203, China)

Abstract: A series of noscapine analogues have been synthesized via 13-step reaction starting from 2-

hydroxy-3-methoxybenzaldehyde. Anti-tumor activities of these compounds were evaluated against HL-60

cell lines in vitro by the standard MTT assay. It was found that most of these derivatives showed appreciable

inhibitory activity against HL-60 and tubulin polymerization. The results also indicated that the potency of

compound 31 is about three times more than that of noscapine against HL-60 cell line and tubulin polymerization.

Moreover, it induced a massive accumulation of cells in Go/M phase. These results showed noscapine and its

derivatives were worth to be intensively studied further.
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Microtubule-targeting agents such as the vinca and
taxanes alkaloids have been used to treat a wide variety
of human cancers. However, the clinical use of these

drugs has been hampered by limited effectiveness,
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increased drug resistance in tumors, poor bioavailability
and side effects including myelosuppression, diarrhea,
leucocytopenias, peripheral neuropathies and alopecia™ 2.
Therefore, there is still an urgent need to search effective
drugs possessing favorable toxicity profiles, better
therapeutic index and pharmacological characteristics.
a-(—)-Noscapine (1, Figure 1), a natural benzyli-
soquinoline alkaloid, has been commonly used as an
antitussive agent for several decades without significant

31

side effects In recent years, noscapine was found to
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effectively inhibit a wide variety of cancer types, such as
lymphoma, melanoma, breast tumor, ovarian carcinoma
and glioblastoma multiforme in animal models without
significant toxicity to the animals’ vital organs™ 2.

It has also been identified that noscapine binds to

tubulin and alters microtubule dynamics'®.

Furthermore,
noscapine has been in Phase I/II clinical trials for non-
Hodgkin’s lymphoma or chronic lymphocytic leukemia

refractory to chemotherapy!’..

Due to the efficacy and
safety of noscapine as antitumor agent, the efforts had
been made to seek more potent analogues of noscapine.
Aneja et al'"* have reported that cyclic ether fluorinated
noscapine analogue inhibited proliferation of breast
cancer cells including a drug-resistant variant much
more potently than noscapine.  9'-Haloderivatives
of noscapine was reported as a potential cytotoxic
agent against U-87 human glioblastoma cell lines'".
Anderson and co-workers have reported that the
replacement of 7-methoxyl group of noscapine by amino
group (compound 2, Figure 1) had showed significant
enhancement in cytotoxicity against HEK293 cells and
microtubule inhibition compared to noscapine!"*.
However, up to now the noscapine studies by
chemical modification are still rare. Most of noscapine
derivatives were synthesized using natural a-(—)-noscapine

as starting material "> ',

In this paper, we introduce
the substituted amino or amido group on the 6-position
of phthalide ring and discuss the structure-activity
relationship (SAR).

derivatives were first designed and synthesized, and then

A series of novel noscapine

their cytotoxicity, cell cycle effects, tubulin binding
affinity and inhibition of tubulin polymerization have

1 7
o} OCH;

o~(-)-noscapine, 1

Figure 1 Structures of a-(—)-noscapine 1 and compound 2

been evaluated.

Initially, the synthesis route for starting material
aldehydes 6a and 6b were prepared from commercially
available o-vanillin 3 as described in Scheme 1. 3 was
converted to pyrogallol 1-monomethyl ether 4 using
Dakin oxidation'”). Methylenation of 4 with CH,Br,
afforded 5, and then treated with POCl; and DMF to
give a mixture of 6a and 6b, which were isolated by
flash chromatography.

Compounds 12 and 13 were synthesized by a
known methodology"® that was modified as depicted
in Scheme 2. Aldehyde 6a was condensed with
aminoacetaldehyde dimethyl acetal in toluene, and
then were reduced to give 8 with KBH, in methanol.
Methylation of 8 with formaldehyde and glacial acetic
acid, and directly reduced with KBH, to provide 9,
which was cyclized to furnish 10 in 6 mol-L™" HCI.
Reduction of 10 with trifluoroacetic acid and KBH,
afforded tetrahydroisoquinoline 11. Isoquinolinium
iodide 12 was prepared by reaction of 11 with iodine
and potassium acetate.
with sulfite

hydroxyl tetrahydroisoquinoline 13.

Subsequent treatment of 12
sodium in basic solution afforded 1-

Two stereoisomers of noscapine 16—17 were
prepared by bromination of methoxyphthalide 14,
followed by alkylation of 3-bromo-methoxyphthalide
15 with isoquinolinium iodide 12!"").  Derivatives 20—
21 with electron withdrawing group on phthalide were
synthesized from phthalides 18—19 with intermediate
13.

to give the desired aniline 22 (Scheme 3

21 was reduced with hydrated stannous chloride
)[18].

Reaction of aniline 22 with the corresponding

OHC HO. [e) [e) (o]
—- s T =< i
HO HO S 0 cHo O

OCHs OCH3

3 4

CHO
OCHs OCH3s OCH3
5 6a 6b

Reagents and conditions: (a) 2 mol-L ™! NaOH, 6% H,0,, 40-50 °C; (b) CH;Br,, CuO, K,COs3, DMF, reflux; (¢) POCl;, DMF, 50—90 C

Scheme 1 The synthesis of compounds 6a and 6b
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Reagents and conditions: (a) NH>CH,CH(OCH3;),, toluene, reflux; (b) NaBHs, CH30H, r.t.; (¢) 37% HCHO, HOAc, KBH4, CH3CN,
0—5 °C; (d) 6 mol-L™' HCI, r.t.; (¢) TFA, KBH,, CH,Cl,, 0 ‘C—r.t.; (f) KOAc, I, EtOH, reflux; (g) Na,SOs, H,0, 25% NaOH, 40 “C

Scheme 2 The synthesis of compounds 12 and 13

18 R4=CN, Rp=H
19 Ry=H, Ry=NO,

<O
O N
) 0 “CHs
o — OCH
= O
OCHj

o OCH3
16-17

L,

20 R4=CN, Ry=H
21 R1=H, R2=N02
22 R1=H, R2=NH2

_d

Reagents and conditions: (a) NBS, CCly, reflux; (b) 12, Zn, CH3CN, r.t.; (c) 13, ethanol, reflux; (d) SnCl, 2H>0, Sn, HOAc, r.t.

Scheme 3 The synthesis of compounds 16—21

acid anhydride or acyl chlorides in the presence of a
catalytic amount of pyridine gave 6-amido substituted
derivatives 23-36.
aldehydes in the presence of sodium triacetoxyboro-

Reductive amination of 22 with

hydride and potassium borohydride furnished 6-
alkylamino substituted derivatives 37—48 (Scheme 4).
The final products were purified by silica gel column
chromatography. The configurations were determined
by chromatographic and spectroscopic comparison with
7191 The H-4 signal in
the '"H NMR spectrum of amine 22 was found relatively

data in previous references

upfield at 6.13 ppm. The value was compared with the
corresponding chemical shift for a-noscapine, which is
6.16 ppm due to a twist half-chair of piperidine ring
(in f-noscapine, this value is 7.25 ppm). Moreover,
the N-CHj; signal of amine 22 was found relatively
upfield at 2.41 ppm. The value was compared with
the corresponding chemical shift for a-noscapine, which

is 2.43 ppm (in f-noscapine, this value is 2.04 ppm).

Therefore, the configurations of compounds 23—48
have been assigned as erythro isomers by the comparison

I
o N\CH3

OCH3 (e}
O a (0] O /“\
< O AN / 0 H )
Y CHs
b 23-36

L
CHj
22 OCH3
s 0
N Rq
H
(6]

37-48
Reagents and conditions: (a) R4COCl or (R4CO)0; (b) (1)
R4CHO, HOAc, NaBH(OAc)s, (2) KBHs, CH30H (for R4 see
Table 3)
Scheme 4 The synthesis of compounds 23—48



+ 1350 -

Zj 254 Acta Pharmaceutica Sinica 2012, 47 (10): 1347-1357

of the chemical shifts of H-4 and N-CH; of the mole-
cules.

Results and discussion

1 Physicochemical properties of noscapine analogues
The physicochemical properties of compounds 23—

48 were shown in Table 1.

2 The biological evaluation of noscapine analogues
The target compounds were evaluated for their

cytotoxic activities using a MTT assay against human

The

ICsy values of MTT assay for compounds 16—17 and

20-22 were shown in Table 2.

mixture of noscapine derivatives were less potent than

acute promyelocytic leukemia cell line HL-60),
In general, the racemic

natural noscapine 1. Erythro isomers with the same

configuration to natural products shown more active

cytotoxicity against HL-60 compared with their threo
isomers, which may suggest the importance of the
configuration in noscapine. The compound with amino
group exhibited more activity than natural noscapine.
So, the most potent cytotoxic compound 22 was further
modified with substituent amido and amino on the
phthalide.

The ICs values of MTT assay for derivatives 23—
48 were presented in Table 3. Among the twenty-six
compounds, ten compounds showed appreciable cytotoxic
activities with 1C5,<20 umol-Lfl against HL-60 cell line.
The most active compounds was 6-amido derivative
31 (IC5o = 6.74 umol~L71), which had ICs, three times
less than a-(—)-noscapine (ICsp = 19.72 pmol-L™") and
equivalent to colchicine (ICso = 7.45 umol-L™).

Compound 31, possessing a nitro group at para

Table 1 Physicochemical properties of noscapine derivatives (23—48)
No. Property& yield mp/C 'H NMR (DMSO-ds) MS
23 White powder, 266267 1.84-2.59 (4H, m, CH,CH,), 2.45 (3H, s, NCH;), 3.98 (3H, s, OCHs), 431 (1H, d, /= 4 MALDI-FTMS calcd.
17.4% Hz, CH-N), 5.69 (1H, d, J = 4 Hz, CH-0O), 6.02 (2H, s, OCH,0), 6.50 (1H, s, Ar-H), 6.51 For Cy7H25N,06:
(1H, d, J = 8 Hz, Ar-H), 7.55 H, m, Ar-H), 7.62 (1H, t, Ar-H), 7.86 (1H, dd, J=2, 8 Hz,  [M+H]" 473.171 2.
Ar-H), 7.96 (2H, d, Ar-H), 8.29 (1H, d, Ar-H), 10.53 (1H, s, CONH) Found 473.170 7
24 Yellow powder, 250-251 1.82-2.59 (4H, m, CH,H>), 2.45 (3H, s, NCHj3), 3.98 (3H, s, OCH3), 4.31 (1H, d, /=4 Hz, MALDI-FTMS calcd.
50.3% CH-N), 5.69 (1H, d, J = 4 Hz, CH-0), 6.02 (2H, d, OCH,0), 6.51 (2H, m, Ar-H), 7.39 2H,  For C7H4N,OF:
m, Ar-H), 7.84 (1H, dd, Ar-H), 8.05 (2H, m, Ar-H), 8.27 (1H, d, Ar-H), 10.54 (1H, s, [M+H]+ 491.161 3.
CONH) Found 491.161 3
25  Yellow powder, 247-248 1.83-2.56 (4H, m, CH,CH,), 2.45 (3H, s, NCH3), 3.99 (3H, s, OCH3), 431 (1H, d, /=4 MALDI-FTMS calcd.
11.2% Hz, CH-N), 5.69 (1H, d, J = 4 Hz, CH-0), 6.02 (2H, s, OCH,0), 6.49 (2H, m, Ar-H), 7.48 For C»7H24N,06Cl:
(1H, m, Ar-H), 7.54 (1H, m, Ar-H), 7.60 (1H, m, Ar-H), 7.64 (I1H, m, Ar-H), 7.74 (1H, m,  [M+H]" 507.132 2.
Ar-H), 8.26 (1H, d, Ar-H), 10.83 (1H, s, CONH) Found 507.131 7
26  Yellow powder, 258-260 1.84-2.59 (4H, m, CH,CH»), 2.45 (3H, s, NCH3), 3.99 (3H, s, OCHs3), 4.31 (1H, d, J=4 MALDI-FTMS calcd.
9.2% Hz, CH-N), 5.69 (1H, d, J = 4 Hz, CH-0), 6.02 (2H, s, OCH;0), 6.49 (2H, m, Ar-H), 7.45  For C7H24N,O¢Br:
(1H, m, Ar-H), 7.52 (1H, m, Ar-H), 7.59 (1H, m, Ar-H), 7.73 (2H, m, Ar-H), 8.26 (1H, d, [M+H]" 551.080 9.
Ar-H), 10.81 (1H, s, CONH) Found 551.081 2
27  Yellow powder, 229-231 1.84-2.58 (4H, m, CH,CH»), 2.45 (3H, s, NCH3), 3.98 (3H, s, OCHs3), 4.31 (1H, d, J=4 MALDI-FTMS calcd.
61.3% Hz, CH-N), 5.69 (1H, d, J = 4 Hz, CH-0), 6.02 (2H, s, OCH,0), 6.50 (1H, s, Ar-H), 6.52  For Cy;H,sN,0¢Br:
(1H, d, J = 8 Hz, Ar-H), 7.53 (1H, t, Ar-H), 7.84 (2H, t, Ar-H), 7.96 (1H, d, /= 8 Hz,  [M+H]" 551.080 6.
Ar-H), 8.16 (1H, t, J= 2 Hz, Ar-H), 8.27 (1H, d, /= 2 Hz, Ar-H), 10.62 (1H, s, CONH) Found 551.081 2
28  White powder, 258-259 1.87-2.60 (4H, m, CH,CH,), 2.45 (3H, s, NCH;), 3.85 (3H, s, OCH;), 3.98 (3H, s, OCH;), MALDI-FTMS calcd.
24.4% 4.31 (1H, brs, CH-N), 5.69 (1H, brs, CH-0), 6.02 (2H, s, OCH,0), 6.50 (2H, m, Ar-H),  For C2sH2N,07:
7.08 (2H, d, Ar-H), 7.85 (1H, d, Ar-H), 7.97 (2H, d, Ar-H), 8.28 (1H, s, Ar-H), 10.38 (1H,  [M+H]" 503.182 0.
s, CONH) Found 503.181 3
29  White powder, 223-225 1.80-2.58 (4H, m, CH,CH,), 2.45 (3H, s, NCH3), 3.80 (3H, s, OCH3), 3.86 (3H, s, OCH3), MALDI-FTMS calcd.
41.4% 3.99 3H, s, OCH;), 4.31 (1H, d, J = 4 Hz, CH-N), 5.68 (1H, d, J= 4 Hz, CH-0), 6.02 2H,  For CysHN,0s:
s, OCH,0), 6.47 (1H, d, J = 8 Hz, Ar-H), 6.50 (1H, s, Ar-H), 7.11 (1H, m, Ar-H), 7.19 (1H,  [M+H]" 533.192 1.
t,J =8 Hz, Ar-H), 7.22 (1H, m, Ar-H), 7.75 (1H, dd, J = 8, 1.6 Hz, Ar-H), 8.27 (1H,d,J=  Found 533.191 8
1.6 Hz, Ar-H), 10.57 (1H, s, CONH)
30  White powder, 224-226 1.79-2.56 (4H, m, CH,CH,), 2.45 (3H, s, NCH3), 3.97 (3H, s, OCH3), 4.31 (1H, d, CH-N), MALDI-FTMS calcd.
28.3% 5.24 (2H, s, CH,0), 5.67 (1H, d, CH-0), 6.03 (2H, s, OCH,0), 6.41 (1H, d, J = 8 Hz, For C34H31N,O7:
Ar-H), 6.52 (1H, s, Ar-H), 7.11 (1H, t, Ar-H), 7.33 (4H, m, Ar-H), 7.54 (4H, m, Ar-H), 7.66  [M+H]' 579.212 4.
(1H, dd, Ar-H), 8.21 (1H, s, Ar-H), 10.48 (1H, s, CONH) Found 579.212 6
31  Yellow powder, 229-231 1.86-2.62 (4H, m, CH,CH»), 2.47 (3H, s, NCHs), 3.97 (3H, s, OCH3), 4.34 (1H, brs, MALDI-FTMS calcd.
87.3% CH-N), 5.72 (1H, brs, CH-0), 6.01 (2H, s, OCH,0), 6.52 (1H, s, Ar-H), 8.20 (3H, m,  For Cp7HyN;04:
Ar-H), 8.29 (1H, s, Ar-H), 8.37 (3H, m, Ar-H), 10.89 (1H, s, CONH) [M+H]" 518.157 1.
Found 518.155 8
32 Yellow powder, 242-243 1.85-2.58 (4H, m, CH,CH,), 2.45 (3H, s, NCH;), 3.97 3H, s, OCH;), 4.31 (1H, d, J= 4 MALDI-FTMS calcd.

35.4%

Hz, CH-N), 5.68 (1H, d, J = 4 Hz, CH-0), 6.02 (2H, s, OCH,0), 6.50 (2H, m, Ar-H), 6.73
(1H, m, Ar-H), 7.37 (1H, d, J = 4 Hz, Ar-H), 7.84 (1H, m, Ar-H), 7.97 (1H, m, Ar-H), 8.26
(1H, m, Ar-H), 10.49 (1H, s, CONH)

For C25H23N207I
[M+H]" 463.150 6.
Found 463.150 0
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No. Property& yield mp/C 'H NMR (DMSO-de) MS
33 Yellow powder, 203-206 1.85-2.56 (4H, m, CH,CH,), 2.45 (3H, s, NCH3), 3.98 (3H, s, OCH;), 4.32 (1H, brs, MALDI-FTMS calcd.
13.5% CH-N), 5.71 (1H, brs, CH-O), 6.02 (2H, s, OCH,0), 6.52 (2H, m, Ar-H), 7.59 (1H, m, For C6H24N306:
Ar-H), 7.85 (1H, m, Ar-H), 8.29 (2H, m, Ar-H), 8.78 (1H, d, Ar-H), 9.12 (1H, s, Ar-H), [M+H]" 474.166 7.
10.73 (1H, s, CONH) Found 474.165 9
34  Yellow powder, 202-204 1.90-2.58 (4H, m, CH,CH»), 2.51 (3H, s, NCHj3), 3.97 (3H, s, OCH3), 4.33 (1H, brs, MALDI-FTMS calcd.
32.1% CH-N), 5.70 (1H, brs, CH-0), 6.01 (2H, d, OCH,0), 6.51 (2H, s, Ar-H), 7.18 (2H, m,  For CysHN;04:
Ar-H), 7.48 (1H, d, Ar-H), 7.87 (1H, brs, Ar-H), 8.19 (1H, d, Ar-H), 8.32 (2H, m, Ar-H), [M+H]" 512.183 4.
10.04 (1H, s, NH), 11.81 (1H, s, NH) Found 512.181 6
35  Yellow powder, 230-233 1.80-2.58 (4H, m, CH,CH,), 2.43 (3H, s, NCH3), 2.71 (2H, t, CH,), 3.03 (2H, t, CH,), 3.96 MALDI-FTMS calcd.
30.3% (3H, s, OCH3), 4.29 (1H, s, CH-N), 5.65 (1H, s, CH-0O), 6.01 (2H, s, OCH,0), 6.43 (1H, d, For C31H30N306:
J =8 Hz, Ar-H), 6.48 (1H, s, Ar-H), 6.97 (1H, t, J= 7.2 Hz, Ar-H), 7.06 (1H, t, J= 7.2 Hz,  [M+H] 540.214 2.
Ar-H), 7.13 (1H, d, Ar-H), 7.32 (1H, d, J = 8 Hz, Ar-H), 7.56 2H, m, Ar-H), 8.18 (IH, s,  Found 540.212 9
Ar-H), 10.25 (1H, s, NH), 10.78 (1H, s, NH)
36  White powder, 252-253 1.79-2.56 (4H, m, CH,CH,), 2.07 (3H, s, CH;CO), 2.43 (3H, s, NCH3), 3.96 3H, s,  (EI) m/z [M] 410
98.7% OCHs), 4.28 (1H, d, J = 4 Hz, CH-N), 5.65 (1H, d, J= 4 Hz, CH-O), 6.01 (2H, s, OCH,0),
6.44 (1H, d, J = 8 Hz, Ar-H), 6.48 (1H, s, Ar-H), 7.56 (1H, dd, J = 8, 1.6 Hz, Ar-H), 8.14
(1H, d, J = 1.6 Hz, Ar-H), 10.24 (1H, s, CONH)
37  White powder, 187-188 1.94-2.67 (4H, m, CH,CH,), 2.54 (3H, s, NCH;), 4.03 (3H, s, OCH3), 4.21 (1H, s, NH), MALDI-FTMS calcd.
50.2% 433 (2H, s, CH,N), 4.41 (1H, d, J= 4 Hz, CH-N), 5.60 (1H, d, J = 4 Hz, CH-0), 5.93 2H,  For C27H;7N,Os:
s, OCH,0), 6.21 (1H, d, J = 8 Hz, Ar-H), 6.31 (1H, s, Ar-H), 6.66 (1H, dd, J= 8, 4 Hz,  [M+H]" 459.191 3.
Ar-H), 7.03 (1H, d, Ar-H), 7.30 (1H, m, Ar-H), 7.34 (4H, d, Ar-H) Found 459.191 4
38  White powder, 193-194 1.85-2.65 (4H, m, CH,CH,), 2.48 (3H, s, NCH3), 3.74 (3H, s, OCH3), 3.95 (3H, s, OCH3), MALDI-FTMS calcd.
94.3% 4.05 (1H, m, NH), 4.18 (2H, s, CH,NH), 4.34 (1H, d, CH-N), 5.55 (1H, d, CH-0), 5.86  For CasH;sN,0¢:
(2H, s, OCH,0), 6.15 (1H, d, Ar-H), 6.24 (1H, s, Ar-H), 6.59 (1H, dd, Ar-H), 6.81 (2H,d,  [M+H]" 489.203 0.
Ar-H), 6.95 (1H, d, Ar-H), 7.20 (2H, d, Ar-H) Found 489.202 0
39 White powder, 79-81  1.97-2.65 (4H, m, CH,CH,), 2.54 (3H, s, NCH;), 2.94 (6H, s, OCHs), 4.03 (3H, s, OCH;), MALDI-FTMS calcd.
14.7% 4.06 (1H, brs, NH), 4.19 (2H, brs, CHzN), 4.39 (1H, d, J = 4 Hz, CH-N), 5.60 (1H,d, J=4  For C2sH3N;Os:
Hz, CH-0), 5.93 (2H, s, OCH,0), 6.21 (1H, d, J = 8 Hz, Ar-H), 6.31 (1H, s, Ar-H), 6.65 [M+H]" 502.234 3.
(1H, dd, J =8, 2 Hz, Ar-H), 6.71 (2H, d, J = 8.8 Hz, Ar-H), 7.03 (1H, d, J= 2 Hz, Ar-H),  Found 502.233 6
7.22 (2H, d, J = 8.8 Hz, Ar-H)
40  White powder, 155-158 1.90-2.70 (4H, m, CH,CH,), 2.55 (3H, s, NCH3), 4.03 (3H, s, OCH3), 4.23 (1H, s, NH), MALDI-FTMS calcd.
60.1% 4.31 (2H, s, CH,NH), 4.41 (1H, d, CH-N), 5.62 (1H, d, CH-O), 5.94 (2H, s, OCH;0), 6.22  For C»7H6N,OsBr:
(1H, d, Ar-H), 6.31 (1H, s, Ar-H), 6.65 (1H, dd, Ar-H), 6.99 (1H, d, Ar-H), 7.23 (2H, d, [M+H]" 537.103 4.
Ar-H), 7.47 2H, d, Ar-H) Found 537.102 0
41  Yellow powder, 113-115 2.00-2.85 (4H, m, CH,CH,), 2.60 (3H, s, NCH3), 3.86 (3H, s, OCH3), 4.49 (4H, m, NH, MALDI-FTMS calcd.
29.3% CH,N and CH-N), 5.77 (1H, d, CH-0), 5.91 (2H, s, OCH,0), 6.30 (1H, s, Ar-H), 6.76 (1H,  For Co7HyN;07:
m, Ar-H), 6.87 (1H, s, Ar-H), 7.26 (1H, s, Ar-H), 7.50 (2H, d, Ar-H), 8.19 (2H, d, Ar-H) [M+H]" 504.175 1.
Found 504.176 5
42 White powder, 159-160 1.93-2.65 (4H, m, CH,CH,), 2.54 (3H, s, NCHs), 4.03 (3H, s, OCH3), 4.17 (1H, m, NH), MALDI-FTMS calcd.
51.3% 4.23 (2H, d, CH,N), 4.40 (1H, d, J = 4 Hz, CH-N), 5.60 (1H, d, J = 4 Hz, CH-0), 5.93 2H,  For C2sH2N,05:
s, OCH,0), 5.94 (2H, s, OCH,0), 6.21 (1H, d, J = 8 Hz, Ar-H), 6.31 (1H, s, Ar-H), 6.65 [M+H]" 503.181 8.
(1H, dd, J = 8, 2 Hz, Ar-H), 6.79 (3H, m, Ar-H), 7.00 (1H, brs, Ar-H) Found 503.181 3
43 White powder, 202-203 1.98-2.65 (4H, m, CH,CH,), 2.54 (3H, s, NCH;), 4.02 (3H, s, CHz), 4.03 (3H, s, CH3), 423 MALDI-FTMS calcd.
55.3% (3H, brs, NH and CH,NH), 4.39 (1H, d, J = 4 Hz, CH-N), 5.59 (1H, d, J = 4 Hz, CH-0O), For C29H29N,05:
5.93 (4H, s, OCH,0), 6.21 (1H, d, J = 8 Hz, Ar-H), 6.31 (1H, s, Ar-H), 6.46 (1H, d, J=8  [M+H]" 533.192 4.
Hz, Ar-H), 6.67 (1H, d, J = 8 Hz, Ar-H), 6.73 (1H, d, J = 8 Hz, Ar-H), 7.03 (1H, s, Ar-H) Found 533.191 8
44  White powder, 199-202 1.97-2.65 (4H, m, CH,CH,), 2.54 (3H, s, NCH3), 3.79 (3H, s, OCHs), 3.83 (3H, s, OCH3), MALDI-FTMS calcd.
39.1% 4.01 (3H, s, OCHs), 4.25 (3H, brs, NH and CH,NH), 4.40 (1H, d, CH-N), 5.59 (1H, d,  For C2oHsN,05:
CH-0), 5.93 (2H, s, OCH,0), 6.21 (1H, d, Ar-H), 6.30 (1H, s, Ar-H), 6.42 (1H, dd, Ar-H),  [M+H] 519.213 7.
6.47 (1H, d, Ar-H), 6.67 (1H, dd, Ar-H), 7.04 (1H, d, Ar-H), 7.16 (1H, d, Ar-H) Found 519.212 6
45  Yellow powder, 90-93  1.94-2.64 (4H, m, CH,CH,), 2.55 (3H, s, NCH3), 4.04 (3H, s, OCH;), 4.42 (2H, m, CH,N), MALDI-FTMS calcd.
7.3% 4.50 (2H, m, NH and CH-N), 5.63 (1H, d, CH-O), 5.94 (2H, s, OCH;0), 6.24 (1H, d, /=8 For Cy7H26N307:
Hz, Ar-H), 6.32 (1H, s, Ar-H), 6.69 (1H, d, J = 8 Hz, Ar-H), 6.96 (1H, s, Ar-H), 7.54 (1H,t,  [M+H]" 504.176 9.
J=8Hz, Ar-H), 7.69 (1H, d, J= 8 Hz, Ar-H), 8.15 (1H, d, J= 8 Hz, Ar-H), 8.22 (1H, s, Ar-H) Found 504.176 5
46  White powder, 133135 1.92-2.63 (4H, m, CH,CH,), 2.54 (3H, s, NCH;), 4.03 (3H, s, OCHj), 4.22 (1H, t, NH), MALDI-FTMS calcd.
45.2% 433 (2H, d, CH,N), 4.40 (1H, d, J = 4 Hz, CH-N), 5.61 (1H, d, J= 4 Hz, CH-0), 5.94 2H,  For CysH,sN,0¢:
s, OCH,0), 6.23 (2H, m, Ar-H), 6.31 (2H, m, Ar-H), 6.70 (1H, d, Ar-H), 7.06 (1H, s, Ar-H),  [M+H]" 449.171 7.
7.37 (1H, s, Ar-H) Found 449.170 7
47  White powder, 67-70  1.95-2.65 (4H, m, CH,CH,), 2.54 (3H, s, NCH3), 3.95 (2H, t, CHy), 4.03 (3H, s, OCH3), MALDI-FTMS calcd.
76.0% 4.06 (1H, m, NH), 4.40 (1H, d, J = 4 Hz, CH-N), 5.61 (1H, d, J = 4 Hz, CH-O), 5.93 2H,  For C2oH;sN,Os:
s, OCH,0), 6.23 (1H, d, Ar-H), 6.30 (2H, m, Ar-H and CH=), 6.61 (1H, d, CH=), 6.69 (1H,  [M+H]" 485.208 9.
dd, Ar-H), 7.04 (1H, d, Ar-H), 7.24 (1H, m, Ar-H), 7.33 (4H, m, Ar-H) Found 485.207 1
48  White powder, 180183 1.00 (3H, t, CH3), 1.64 (2H, m, CH,), 1.90-2.70 (4H, m, CH,CH,), 2.55 (3H, s, NCH;), MALDI-FTMS calcd.
18.2% 3.09 (2H, t, CH,), 3.84 (1H, s, NH), 4.01 (3H, s, OCH3), 4.42 (1H, s, CH-N), 5.63 (1H, s, For C23H,7N,0s:

CH-0), 5.93 (2H, s, OCH,0), 6.23 (1H, brs, Ar-H), 6.31 (1H, s, Ar-H), 6.64 (1H, d, Ar-H),
6.96 (1H, d, Ar-H)

[M+H]" 411.192 4.
Found 411.191 5
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Table 2
cytotoxic activities against HL-60°

Noscapine derivatives (16—17, 20-22) and their
*The cytotoxicity (ICso)
is the concentration of compound that reduced the optical
density of treated cells by 50% with respect to untreated cells
using the MTT assay. Data represent the mean values of three
independent determinations. °Erpthro isomer. ‘Separated by
flash chromatography.  “Threo isomer, separated by flash

chromatography
C1)
0 N\CH3
OCHz R4
I,
0 Rs
Compd. R, R, R; HL-60 (ICs0)/umol-L™"*
16>° H OCH; OCH; 28.81
17¢ H OCH;  OCH; 36.69
20>° CN H H 48.86
21%¢ H NO, H 14.57
22%¢ H NH, H 9.43
1 19.72
Colchicine 7.45

position of the phenyl ring, was determined to inhibit
HL-60 cell line approximately 10-fold more than its
parent analogue 23. A comparable cytotoxic activity
was found when replacing the nitro group of 31 by a
It is noted

that the compounds with heterocyclic substitutions

methoxy group (compound 28, Table 3).

1 A
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(32-35, Table 3) were more potent than most of their
phenyl substitution analogs.

6-Amino derivatives 37—48, compared to the parent
analogue 37, which was devoid of activity, incorporation
of nitro group on meta or para position of the phenyl
ring significantly increased the biological activity to the
micromolar (45, ICso = 13.06 umol~L71; 41, I1C5, = 10.71
umol-L™"). Replacement of the nitro group of com-
pound 41 by a methoxy group (compound 38), abol-
ished the activity. However, when another methoxy
group was affiliated to 38 on the ortho position of
phenyl ring, one of the highest cytotoxic activities was
observed (44, ICs, = 11.24 pmol-L™).
tance of ortho- methoxy group for HL-60 cytotoxic

The impor-

activity was also illustrated by compounds 42 and 43.

To investigate the precise mechanisms of cell
death, the most potent cytotoxic compounds 31 and 44
were chosen to examine the effect on percent Go/M
cells (mitotic index) and sub-G; cells (apoptotic index)
in HL-60 cells using fluorescence activated cell sorting
(FACS) analysis.
the cell cycle status was performed as described in the
(21 Figure 2 (A-D) showed the cell cycle
profile for the tested compounds included in the course
of this study.

The flowcytomeric evaluation of

literature
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— —_
- *® 553 D
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Figure 2 FACS analysis of HL-60 cells treated with agents for 48 h. HL-60 cells treated with (A) DMSO (0.1%), (B) a-(—)-noscapine
(50 pmol-L ™), (C) compound 31 (25 pmol-L™"), (D) compound 44 (25 pmol-L™")
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Table 3 Noscapine derivatives (23—48)" and their cytotoxic activities against HL-60 and their dissociation constants to tubulin.

Serythro isomer; °NT: Not tested

Compd. Ry HL-60 (ICsp)/pmol-L™" Ky /pmol-L™" | Compd. Ry HL-60 (ICs0)/pmol-L™" K4 /umol-L™"
23 @g— 73.44 74.53 37 @g- >100 NT®
24 F—Qg— 4231 36.92 38 H3co@§— >100 NT
g_ H3C
25 >100 98.01 39 ,NOE— 23.42 NT
o] HsC
26 Qg_ 88.63 30.80 40 Br—Qg— >100 NT
Br
27 Qg_ >100 50.34 41 02N©§— 10.71 NT
Br
28 H3co—©§— 10.01 87.63 2 OK/QE_ >100 NT
o
29 & 81.31 88.58 43 O,\ & 20.78 NT
H3CO OCH3 o OCH3
o A
30 o 75.59 70.16 44 : § 11.24 NT
b OCHs
31 02N©§— 6.74 42.14 45 Qg_ 13.06 NT
O2N
32 { \X;\ 8.02 36.13 46 14 \LS;\ 27.39 NT
0 o
N4 / 8-
33 | 12.61 130.34 47 Q_/ >100 NT
N
%
34 @ 18.68 42.61 48 CH;CH,- 12.64 NT
N
H
Y
35 N 9.21 1397.9 1 19.72 140.95
N
H
36 CHs- 20.99 446.87 Colchicine 7.45 41.22
The distribution of cell population over Gy, S and Table 4  Effects on cell cycle distrubution
G,/M phases of the cell cycle are shown in Table 4. Drug Cone. ., o G/M  Apoptosis
. -l 1% o
Treatment of HL-60 cells with these compounds for 48 h /pmol L 1% [%
. 0,
led to profound perturbations of the cell cycle profile. DMSO 0.1% 36 37 27 44
Our results show that compound 31 induced a massive a-(~)-Noscapine, 1 30 23 39 36 8.9
accumulation of cells in the Go/M phase, for example, 31 25 1 35 54 6.9
44 25 24 48 28 18.7

the G,/M cell population increased from 27% in the
control to 54% in HL-60 cells treated with 25 pmol-L™"'
compound 31.

The progressive generation of cells having
hypodiploid DNA content indicates apoptotic cells
with fragmented DNA. The percent sub-G; population
has also been plotted for the compounds 31, 44

and noscapine in Figure 2. It is evident from the

representation that a 48 h treatment at 25 umol-L™" for
HL-60 cells, the percentage of sub-G; cells is almost
similar for compound 31 to noscapine (50 pmol-L™").
However, the sub-G; population was much larger
for compound 44 at 25 pmol-L™' than noscapine at

50 pmol-L™'. Thus, we can clearly see compound
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44 had shown its deleterious effect on the cell cycle
by an increase in the percentage of sub-G, cells having
hypodiploid DNA content, characteristic of apoptosis.

As noscapine (1) is known to induce Gp/M arrest
as a result of its binding to tubulin'®, blocking cell
division at mitosis, we further examined the effects of
these series of derivatives on tubulin. Tubulin-binding
agents typically quench the fluorescence emission
spectrum of tubulin in a concentration-dependent
manner. This provides the basis for using fluorescence
titration method to determine the dissociation constant
(Ky) between tubulin and drugs. Fluorescence titration
for determining the binding constant was performed as
described®.

Noscapine and its derivatives 23—-36 produced
negligible fluorescence emission intensity. Due to
the strong fluorescence emission of the 6-alkylamino
derivatives 37—48, the dissociation constants of these
compounds were not able to be determined in the assay.
The dissociation constants of 6-amido derivatives are
The results indicated that

twelve out of fourteen 6-amido derivatives showed more

summarized in Table 3.

potent tubulin binding affinity than noscapine. Generally,
compounds with aromatic acyl substitutions showed
more appreciable tubulin-binding activity compared
to aliphatic acyl substitutions. Compounds with an
electron-withdrawing group in the aromatic ring
showed a greater affinity to tubulin than those with an
electron-donating group. For example, substitution of
4-nitro of 31 (Kg = 42.12 pmol-L™") with a 4-methoxy
group (28, Ky = 87.63 pmol-L™") gave a 2-fold decrease
in binding affinity. Different effects were observed
by the various heterocyclic acyl substitutited 6-amido
derivatives 32—35. Furyl (32) molecule had the strongest
binding affinity with K4 value of 36.13 umol-L™", while
pyridyl derivative 33 was considerably less active
than compound 32, with Ky value of 130.34 umol-Lfl.
Surprisingly, indolyl compound 34 showed similar
binding affinity to 32, while indolylpropionyl compound
35 abolished the tubulin-binding activity. Although
the exact reason of this decrease was unknown, it could
speculate that the indolylpropionyl group with long
chain may not accommodate to tubulin well.

The results of the tubulin-binding activity assay
were generally coordinated with the MTT assay. The
compounds with more potent tubulin-binding activity
demonstrated stronger cytotoxic activity against HL-60
cell line, except for compounds 33 and 35. For example,
compound 31 (K4 = 42.12 pumol-L™") also exhibited

about three times potent than noscapine (Kyq = 140.95
umol-L™") and equivalent to colchicines (Kyq = 41.22
umol-L "), which was completely coordinated with MTT
assay. It suggests that the antitumor activity of this
series of compounds was probably correlated to their
effect on tubulin.

Furthermore, the effects of the derivatives on
tubulin polymerization were also evaluated. By
measuring the changes in the turbidity produced upon
tubulin polymerization, the effect of the drugs on the
assembly of tubulin subunits into microtubules can be
examined. As expected, colchicine strongly inhibited
tubulin polymerization at the concentration of 10 pmol-L™!
(Figure 3A) in the assay. Noscapine did not inhibit
tubulin polymerization at the concentration of 100
umol-L™" (Figure 3B), which was in agreement with
a previous report!'. The effects of compound 31
(Figure 3C) and 44 (Figure 3D) on the assembly of
tubulin subunits into microtubules were also examined
in vitro in different concentrations. At the concentrations
of 10 and 100 pmol-L™', both compound 31 and 44
inhibited tubulin polymerization, which may suggest
that the antitumor activity of compounds were partly
attributed to their inhibitory activity on the tubulin
polymerization.

3 Conclusions

A novel series of noscapine derivatives were
synthesized by a facile and convenient method and their
cytotoxic activities were evaluated against HL-60 cell
line. Ten of twenty-six screened compounds showed
appreciable cytotoxic activities with ICso < 20 pmol-L™
against HL-60 cell line. In both of the MTT assay and
tubulin binding assay, 3-(4-methoxy-6-methyl-5, 6, 7,
8-tetrahydro-[1, 3]dioxolo[4, 5-glisoquinolin-5-yl)-6-(4-
nitrobenzamido) phthalide 31 had showed about three
times more potent than noscapine and equivlant to
colchicines, and arrested more cells at the G,/M phase
than noscapine. Moreover, the representative 6-amido
derivatives and 6-alkylamino derivatives effectively
inhibited tubulin polymerization. Further researches
of noscapine analogues involving their antiproliferative
activities against other tumor models, structural
modification, mechanism study are under progress.

Experimental
1 General methods

Reagents and solvents used were obtained from
'H NMR
spectra and *C NMR spectra were recorded on a Bruker

the supplier without further purification.
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Figure 3 The effects of colchicine, a-(—)-noscapine and the derivatives of noscapine on the assembly of tubulin into microtubules.
A: Colchicine [control (#), 1 pumol-L™" (m) and 10 pmol-L™" (a)]; B: a-(—)-Noscapine [control (#), 10 pmol-L™" (m) and 100 pmol-L™"
(4)]; C: Compound 31 [control (#), 10 pmol-L™" (m) and 100 pmol-L™" (a)]; D: Compound 44 [control (#), 10 umol-L™" (m) and

100 pmol-L ™" (a)]

INOVA 400 NMR spectrometer and tetramethylsilane
(TMS) used as the internal reference in DMSO-d; and J
values in Hz. Mass spectra, EI and ESI methods, were
recorded on Micromass GCT and Agilent Technologies
6130 Quadrupole LC/MS spectrometers, respectively.
MALDI-FTMS was recorded on Varian lonspec 4.7 Telsa
mass spectrometer.  All melting points are uncorrected
and measured in open glass capillaries using SGW X-4
melting point apparatus. Synthetic yields of compounds
were not optimized.

2 Chemistry

2.1 Preparation of erythro-3-(4-methoxy-6-methyl-
5, 6, 7, 8-tetrahydro-[1, 3]dioxolo [4, 5-g]isoquinolin-
5-yD)-6-aminophthalide (22)

To a solution of nitro-substituted compound 21
(0.27 g, 0.678 mmol) in glacial acetic acid (1.08 mL)
was quickly added granulated tin (0.14 g, 1.18 mmol)
and a solution of hydrated stannous chloride (0.59 g,
2.61 mmol) in concentrated hydrochloride (1.08 mL).
After 4 hours the original yellow color had almost
disappeared, the mixture was poured into water (30 mL).
As soon as 41% potassium hydroxide aqueous solution
(12 mL) was added, the aqueous phase was extracted
with CHCI; and the combined organic layers were
washed with brine and then dried over MgSO,4. The
solvent was evaporated under vacuum to give compound

22 in over 90% vyield, mp 208-210 ‘C. 'H NMR

(DMSO-dg): 1.88-2.55 (4H, m, CH,CH,), 2.41 (3H, s,
NCH3;), 3.96 (3H, s, OCHj;), 4.21 (1H, d, J = 4 Hz,
CH-N), 5.47 (2H, s, NH,), 5.49 (1H, d, J = 4 Hz, CH-0),
6.00 (2H, s, OCH,0), 6.13 (1H, d, J = 8 Hz, Ar-H), 6.47
(1H, s, Ar-H), 6.71 (1H, dd, J = 2, 8 Hz, Ar-H), 6.84
(1H, d, J=2 Hz, Ar-H). MS [M+H]" 369.
2.2 Preparation of erythro-6-amido 3-(tetrahydroiso
quinolin-5-yl)phthalide derivatives 23-36
2.2.1 erythro-3-(4-methoxy-6-methyl-5, 6, 7, 8-
tetrahydro-[1, 3]dioxolo[4, 5-g]isoquinolin-5-yl)-6-
benzamidophthalide (23) To a cold mixture of amine
22 (90 mg, 0.245 mmol) and pyridine (0.05 mL) in dry
dichloromethane (3 mL) was added a solution of benzoyl
chloride (51.3 mg, 0.37 mmol) in dry dichloromethane
(2 mL) and the mixture was stirred at room temperature
under N, for 24 hours. Water (15 mL) was added, and
the aqueous phase was extracted with CH,Cl, (15 mLx3).
The combined organic phase was washed with saturated
brines (10 mL), dried over MgSQO, and concentrated in
vacuo. The product was purified by column chroma-
tography (PE-AcOEt—Et;N =30 : 5 : 1) to give 23.
Compound 24-35 were prepared from 22 and
benzoyl chlorides in a manner similar to that described
for 23.
2.2.2 erythro-3-(4-methoxy-6-methyl-5, 6, 7, 8-
tetrahydro-[1, 3]dioxolo[4, 5-g]isoquinolin-5-yl)-6-
acetylamino-phthalide (36) Amine 22 (100 mg, 0.272
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mmol) was dissolved to acetic anhydride (1 mL, 0.6
mmol) and the solution was stirred for 30 min at room
temperature. Then the solution was poured into water
(30 mL) and rendered alkaline with ammonia. The
aqueous phase was extracted with CH,Cl, (12 mL x 3).
The combined organic phase was washed with saturated
brines (10 mL), dried over MgSO, and concentrated in
vacuo to give 36.
2.3 Preparation of 6-alkylamino 3-(tetrahydroiso-
quinolin-5-yl)phthalide derivatives 37—48
erythro-3-(4-methoxy-6-methyl-5, 6, 7, 8-tetra-
hydro-[1, 3]dioxolo[4, 5-g]isoquinolin-5-yl)-6-benzy-
laminophthalide (37) Amine 22 (80 mg, 0.217 mmol),
benzaldehyde (0.044 mL, 0.435 mol) and glacial acetic

acid (0.075 mL) were mixed in dichloromethane (15 mL).

Sodium triacetoxyborohydride (129 mg, 0.609 mmol)
was added to the above solution and the reaction mixture
was stirred at room temperature under N, for 24 hours.
The solvent was evaporated and methanol (15 mL) was
added. Potassium borohydride (50 mg, 0.926 mmol)
After 3 h, the solvent was
evaporated and saturated aqueous sodium bicarbonate
(30 mL) was added. The product was extracted
with AcOEt and dried over MgSO,.
evaporated and the residue was purified by column
chromatography (CH,Cl,—AcOEt = 40 : 60) to give 37.

Compound 38—48 were prepared from 22 and

was added in batches.

The solvent was

benzaldehydes in a manner similar to that described
for 37.
3 Biological
3.1 Cytotoxicity on cancerous cells

HL-60 (Human promyelocytic leukemia cell line)
was obtained from the Cell Bank of Chinese Academy
of Sciences and cultured in RPMI 1640 (GIBCO
Industries Inc.) and 10% (v/v) heat inactivated fetal
bovine serum (FBS; GIBCO Industries Inc.) at 37 C
in a humidified atmosphere of 95% air and 5% CO,.
Cytotoxicity was determined by the MTT [3-(4, 5-
dimethlthiazol-2-yl)-2, 5-diphenyl-2H-tetrazolium
bromide] assay using a 96-well microtiter plate. The
synthetic compound stock solutions were prepared
in DMSO.
treatment with these compounds was performed 12 h

100 pL cells per well were plated and
after plating. Cells were exposed continuously with
varying concentrations of drugs and MTT assays were
performed at the end of the third day. At the end of
the treatments, 100 pL MTT solution (5 mg-mL™") per
well was added to each culture medium and the cells

were incubated for additional 4 hours at 37 ‘C and

then the medium was removed. The cells were lysed
and the formazan crystals were dissolved using 100 puL
DMSO.
wavelength of 492 nm using 630 nm as reference

The optical density was determined at a

wavelength using Themo Multscan MKS5 reader.
3.2 Cell cycle analysis

The flowcytomeric evaluation of the cell cycle
status was performed as described by Z. Darzynkiewicz
et al*'. Briefly, HL-60 cells were seeded at 1.5x10°
cells/mL and incubated at 37 ‘C in presence of DMSO
(the diluent, used as control) or the tested drugs for
43 hours. 9 mL HL-60 cells were centrifuged, washed
once with PBS, and fixed in 70% ethanol. Tubes
containing the cell pellets were stored at 4 ‘C for
30 minutes. After this, the cells were centrifuged at
1 500 x g for 5 minutes and the supernatant was discarded.
Cells were then incubated with RNase A (20 pg-mL™")
and propidium iodide (20 pug'mL™") in PBS for 30
mintues, separately. The samples were analyzed on a
Becton Dickinson FACS Calibur flowcytometer.
3.3 Tubulin binding assay

Fluorescence titration for determining the binding
L 21 In brief,

noscapine and 6-amido 3-(tetrahydroisoquinolin-5-yl)

constant was performed as described

phthalide derivatives (0-100 pmol-L™") were incubated
with 2 pmol-L™" tubulin in PM buffer (100 mmol-L™"
PIPES, 2 mmol-L™" EGTA, 1 mmol-L"' MgSO,, 2
mmol-L™' DTE) at 37 ‘C for 45 min. The fluorescence
emission spectra were recorded using Varian Cary
Eclipse scanning fluorescence spectrophotometer equipped
with a Xenon flash lamp and the excitation wavelength
was 295 nm.

The values of dissociation constant were determined
according to the formula: 1/B=K,/[free ligand]+ 1,
where B is the fractional occupancy and [free ligand] is
the concentration of candidate. The fractional occupancy
(B) was obtained by the formula: B = AF/AF ., wWhere
AF is the change in fluorescence intensity when tubulin
and its ligand are in equilibrium and AF,,, is the value
of maximum fluorescence change when tubulin is
completely bound with its ligand. AFy,,, was calculated
by plotting 1/AF versus 1/[free ligand].

3.4 Tubulin polymerization assay

Specterophotometer cuvettes (1-cm path length)
held a solution consisting of 10 pmol-L™" tubulin, PM
buffer (100 mmol-L™" PIPES, 2 mmol-L™' EGTA, 1
mmol-L™ MgSO,, 2 mmol-L™ DTE) and 1 or 10
umol-L™" colchicine, 10 or 100 umol-L™" noscapine,
different concentrations of compound 31 or compound
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44.

The solvent DMSO was used as control. Cuvettes

were kept for 15 min at 37 ‘C before quickly cooled to

0 ‘C and then left at 0 'C for another 10 min.

add GTP to a final concentration of 1 mmol-L .

Then,
The

solution was monitored by measuring the changes in
absorbance at 350 nm by HITACHI U2910 spectropho-
tometer equipped with a constant temperature device at

2 min intervals with PM buffer as reference.
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