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Following previous studies we herein report the exploration of the carbonic anhydrase (CA, EC 4.2.1.1)
inhibitory effects and enzyme selectivity of a small class of 1-(cyclo)alkylisoquinolines containing a
sulfonamide function considered a key feature for inhibitingCA.The results of enzymatic assays against
human (h) CA isoforms, hCA I and hCA II (cytosolic, ubiquitous enzymes), hCA IX (transmembrane,
tumor-associated), and hCA XIV (transmembrane), suggested that the presence of C-1 small substit-
uents on isoquinoline scaffold controls both inhibitory potency and selectivity. Somederivatives showed
potent hCA IX and hCA XIV inhibitory effects at nanomolar concentrations as well as low affinity for
the ubiquitous hCA II. Moreover, we report the X-ray crystal structure of one of these derivatives in
complex with dominant human isoform II, thus confirming the sulfonamide-zinc interactions. Finally,
the results of docking experiments suggested the hypothetic interactions in the catalytic binding site for
the most active and selective hCA IX and hCA XIV inhibitor.

Introduction

The carbonic anhydrases (CAs, EC 4.2.1.1) are a family of
monomeric zinc metalloenzymes that catalyze the reversible
hydration of CO2. Since this reaction regulates a broad range
of physiological functions, the pharmacological modulation
of CA activity could be useful for the treatment of several
human diseases. There are 15 human known CA (hCAa)
isoforms with different tissue distribution, expression levels,
and subcellular locations. Some of these isozymes (e.g., hCA
II, IV, VA, VB, VII, IX, XII, XIII, and XIV) constitute valid
targets for the development of anticancer, antiglaucoma,
antiobesity, or anticonvulsant drugs.1-8 However, the CA
diffuse localization inmany tissues and organs limits potential
clinical applications. So the development of CA inhibitors
(CAIs) possessing high potency and selectivity against some
specific isoforms represents an attractive strategy to obtain
pharmacological tools, thus avoiding side effects and improv-
ing therapeutic safety.

In particular, there is significant interest in the development
of selective inhibitors targeting isozymes CAIX and CAXIV.
In particular, CA IX is a peculiar member of the CA family,
since it is expressed in a limited number of normal tissues
(mainly the gastrointestinal tract), whereas its overexpression

is seen on the cell surface of a large number of solid tumors
showing inadequate supply of oxygen as key feature.5 This
tumor hypoxia regulates the expression of several genes,
including CA IX, through the hypoxia inducible factor 1
(HIF-1) cascade. Furthermore, CA IXoverexpression is often
associated with a poor responsiveness to the classical radio-
therapy and chemotherapy. So the development of selective
CAIX isoform inhibitors represents a new strategy to design
anticancer drugs with a novel mechanism of action.9 Similar
to CA IX, CA XIV is a transmembrane isozyme with the
active site oriented extracellularly; it is highly abundant in
neurons and axons in the murine and human brain, where it
seems to play an important role in modulating excitatory
synaptic transmission.10

Most of known CAIs contain a sulfonamide/sulfamate
moiety able to coordinate the zinc ion of catalytic binding site
(e.g., acetazolamide, zonisamide, and topiramate, Chart 1),
inhibiting in this way the enzymatic activity.11-18 These
inhibitors bear specific functional groups that interact with
important amino acid residues, thus driving the selectivity
against the different isoforms as confirmed by X-ray

Chart 1. Chemical Structures of the Carbonic Anhydrase In-
hibitors: Acetazolamide, Zonisamide, and Topiramate

†The atomic coordinates and crystal structure have been deposited in
the Protein Data Bank as entry 3IGP.
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aAbbreviations: hCA, human carbonic anhydrase; HIF-1, hypoxia
inducible factor 1; MW, microwave; PDB, Protein Data Bank; rmsd,
root-mean-square deviation; TFA, trifluoroacetic acid.
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crystallographic data of complexes between CAIs and iso-
zymes available in the literature.19-26

In a previous paper27 we identified some 1-aryl-6,7-di-
methoxy-3,4-dihydroisoquinoline-2(1H)-sulfonamides (I,
Chart 2) that proved to inhibit some CA isoforms at micro-
molar concentration but showpoor selectivity; our hypothesis
was that the presence of bulky C-1 aryl substituent could
produce steric hindrance for interaction between the sulfon-
amide group and the metal ion in the catalytic site.

So in this paper we extended our study to a new series of 3,
4-dihydroisoquinoline-2(1H)-sulfonamides (1-10, Chart 2)
containing some structural modifications in search of the
enhancement of both activity and selectivity. In particular,
(a) to evaluate the steric and electronic effects, we planned the
replacement of the C-1 aryl substituent with alkyl and
cycloalkyl groups; (b) to test the role of the substituents on
the isoquinoline scaffold, we synthesized compounds lacking
of the C-1 substituent as well as the two methoxy groups. The
synthesis of target compounds was accomplished in micro-
wave conditions and the screening against some relevant CA
isoforms was performed. In particular, the obtained com-
pounds were tested against the two physiologically human
cytosolic hCA I and hCA II isozymes, the tumor-associated
transmembrane isoform hCA IX, and the neuronal hCAXIV
isoform.

Moreover, we report the X-ray crystal structure of the
dominant hCA II isoform complexed with a new derivative,
allowing the determination of the sulfonamide-zinc interac-
tions in the catalytic binding site. Docking experiments have
been performed with the aim to identify the interactions pro-
moting the selectivity toward hCA IX and hCA XIV isoforms.

Results and Discussion

Chemistry. The synthetic pathways for the 3,4-dihydroi-
soquinoline-2(1H)-sulfonamides (1-10) can be found in
Scheme 1. Derivatives 1 and 2 were readily synthesized in
microwave conditions starting from commercially available
isoquinolines 11 and 12 and a large excess of sulfamide as
previous reported by us.27 The precursors 1-(cyclo)alkyl-6,
7-dimethoxy-1,2,3,4-tetrahydroisoquinoline 22-29 were
prepared in accordance with an optimized microwave-
assisted approach through the Pictet-Spengler condensa-
tion.27,28 Starting from the commercially available 2-(30,
40-dimethoxyphenyl)ethylamine (13), the imine intermedi-
ates 14-21 were obtained by reaction with the appropriate
aldehyde in solvent-free conditions and successively cyclized
in acidic medium to give the desired compounds 22-29.
Finally, the intermediates 22-29 were coupled with a large
excess of sulfamide, affording the corresponding 6,7-di-
methoxy-3,4-dihydroisoquinoline-2(1H)-sulfonamides (3-10).
The structures of all obtained compounds were supported by
elemental analyses and spectroscopic measurements.

Carbonic Anhydrase Inhibition. To determine the enzy-
matic inhibitory activity, the new series of 6,7-dimethoxy-
3,4-dihydroisoquinoline-2(1H)-sulfonamides (1-10) was as-
sayed on four important carbonic anhydrase isoforms in-
volved in several physiological and pathological processes,
hCA I, hCA II, hCA IX, and hCA XIV (Table 1).

The enzymatic screening showed that the 3,4-dihydroiso-
quinoline-2(1H)-sulfonamides 1-10 have a moderate inhi-
bitory activity against human carbonic anhydrase I (hCA I),
with inhibition constants (KI) in the range 0.10-6.41 μM(see
Table 1).

Our biological data reported in Table 1 highlighted that
the isozyme hCA II was inhibited by the 6,7-dimethoxy-3,
4-dihydroisoquinoline-2(1H)-sulfonamides (1-10) with KI

values ranking from 32.8 nM to 350 μM, suggesting that
there is significant impact of the size of theC-1 substituent on
inhibitory efficacy; in fact the most active sulfonamide
derivatives of this series were unsubstituted and methyl-sub-
stituted derivatives 1, 2, and 3. For the other (cyclo)alkyl
derivatives 4-10 the inhibitory effects were much lower than
those of compounds 1-3. In particular, the 6,7-dimethoxy-1-
propyl-3,4-dihydroisoquinoline-2(1H)-sulfonamide (5) and
the corresponding superior homologous 6,7-dimethoxy-1-
butyl-3,4-dihydroisoquinoline-2(1H)-sulfonamide (8) were
about 2500- to 3700-fold less active than the parent unsub-
stituted 6,7-dimethoxy-3,4-dihydroisoquinoline-2(1H)-sulf-
onamide (2) on hCA II; it is probably due to the key role of
C-1 substituent in the recognition process into the active
catalytic site.

All synthesized compounds 1-10 demonstrated generally
very high and similar potency against hCA IX and hCAXIV
isoforms with a significant variation of the inhibitory effects
that appear related to the nature of C-1 substituent. We
found that the unsubstituted (R2=H) derivatives 1 and 2 as
well as derivatives containing small (cyclo)alkyl substituents

Chart 2. New Designed Isoquinoline Derivatives 1-10 as
Carbonic Anhydrase Inhibitors

Scheme 1. Synthesis of 3,4-Dihydroisoquinoline-2(1H)-sulfo-
namides (1-10)a

aReagents and conditions. (i) CH3CH(OCH3)2, NH2SO2NH2, two

steps in the same conditions: 20min, 100 �C, 200 psi, 150W. (ii) R2CHO,

MW: 5min, 90 �C, 200 psi, 150W. (iii) TFA,MW: 5min, 90 �C, 200 psi,
150 W.
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(e.g., 3, 6, and 7) showed the strongest inhibitory activity at
nanomolar concentration against hCA IX and hCA XIV
isoforms with inhibition constants in the range 3.7-9.5 nM
for hCA IXand4.7-9.8 nMfor hCAXIV.The best inhibitor
was the 6,7-dimethoxy-1-isopropyl-3,4-dihydroisoquino-
line-2(1H)-sulfonamide (6) showing KI values of 6.1 and
4.7 nMagainst hCA IX and hCAXIV, respectively. Further-
more compound 4 (R2=ethyl) showed significant selectivity
for inhibiting hCA IX (KI of 76.3 nM) over hCA XIV (KI

of 2754 nM). We observed that the presence of bulky
(cyclo)alkyl groups (e.g., 5, 8, 9, and 10) led to a decrease
of the activity, withKI in the range 55.0-706 nM for hCA IX
and 178-7950 nM for hCAXIV. Nevertheless, the inhibitor
6,7-dimethoxy-1-cyclopentyl-3,4-dihydroisoquinoline-2(1H)-
sulfonamide (9) was ∼3-fold more active on hCA IX than
hCA XIV (KI of 55.0 nM versus KI of 178.0 nM).

Interestingly some of these compounds showed higher
selectivity for hCA IX and hCA XIV isoforms over the
ubiquitous isoform hCA II, which can be considered an
off-target. In fact, we found that for our newly synthesized
CAIs 4-10 the selectivity ratios (see Table 1) for inhibiting
hCA II over hCA IX were in the range 11.8-875, whereas
their selectivity ratios for inhibiting hCA II over hCA XIV
were in the range 128-778.

The most remarkable result is that the potent hCA IX and
hCA XIV inhibitor 6,7-dimethoxy-1-isopropyl-3,4-dihy-
droisoquinoline-2(1H)-sulfonamide (6) is 172-fold and 223-
fold more potent on hCA IX and hCA XIV than on hCA II.
Moreover, the analysis of the selectivity ratio results high-
lighted that the presence of bulky C-1 substituents on
isoquinoline scaffold led to the most selective inhibitors (e.
g., 5 and 8, with R2= propyl or butyl group) even if they are
less potent than the compounds that bear small groups on
tetrahydroisoquinoline skeleton (e.g., compounds 1-3).
Apparently for this class of compounds the introduction of
cyclopropyl and isopropyl groups produces the optimization

of both potency and selectivity, suggesting that in this region
there is a restrictive steric requirement for the catalytic
binding site interaction. The enhancement of potency and
selectivity was very significant when we compared the ob-
tained results for compounds 1-10 with those of other
known inhibitors such as acetazolamide, zonisamide, and
topiramate (KI values and selectivity ratios reported in
Table 1).

Finally, by considering the results of the current assays
with the biological data obtained for the earlier reported
prototype (I) (see Table 1), it may be observed that the
presence of a phenyl group at the C-1 position drives to a
flat selectivity and poor inhibitory efficacy for all tested
isoforms.27 So the most important consideration is that the
introduction of a suitable small (cyclo)alkyl group in proxi-
mity of sulfonamide function could influence its geometrical
disposition in the catalytic binding site, thus controlling both
the inhibitory potency and selectivity.

Crystallographic Studies. To determine the binding mode
and decipher the key interactions contributing to the inhibi-
tory properties for this class of 3,4-dihydroisoquinoline-
2(1H)-sulfonamides, one of the most active compounds has
been cocrystallized with hCA II. The statistics for data
collection and refinement are summarized in Table 2. The
crystal structure of hCA II in complex with 6,7-dimethoxy-
3,4-dihydroisoquinoline-2(1H)-sulfonamide (2) was deter-
mined by difference Fourier techniques and refined using
diffraction data to 1.65 Å resolution. The complex crystal-
lized in the monoclinic P21 space group with one hCA II
molecule in the asymmetric unit and solvent content of
41.3%. All hCA II residues could be traced into a well-
defined electron density map with the exception of side
chains of several terminal amino acid residues (Ser2, His3,
His4, and Lys261) and side chains of two surface residues
Lys9 and Lys133. During the course of the crystallographic
refinement two continuous non-protein electron densities

Table 1. Inhibition of hCA I, hCA II, hCA IX, and hCA XIV Isoforms by 6,7-Dimethoxy-3,4-dihydroisoquinoline-2(1H)-sulfonamides (1-10), 6,
7-Dimethoxy-1-phenyl-3,4-dihydroisoquinoline-2(1H)-sulfonamide (I), Zonisamide, Acetazolamide, and Topiramate and Selectivity Ratios KI-
(hCAII)/KI(hCAIX) and KI(hCAII)/KI(hCAXIV)

KI (nM)a selectivity ratiosb

R1 R2 compd hCA I hCA II hCA IX hCA XIV KI(hCAII)/KI(hCAIX) KI(hCAII)/KI(hCAXIV)

H H 1 1510 32.8 3.7 6.0 8.86 5.47

MeO H 2 6410 94.5 9.5 9.8 9.95 9.64

MeO methyl 3 2800 87.3 9.4 9.6 9.29 9.09

MeO ethyl 4 1820 1975 76.3 2754 25.9 0.72

MeO n-propyl 5 3150 235000 330 302 712.12 778.15

MeO isopropyl 6 3780 1050 6.1 4.7 172.13 223.40

MeO cyclopropyl 7 3950 820 8.5 6.4 96.47 128.13

MeO n-butyl 8 4100 350000 400 1650 875.00 212.12

MeO cyclopentyl 9 100 650 55 178 11.82 3.65

MeO cyclohexyl 10 1180 18890 706 7950 26.76 2.38

MeO phenyl I
c 8980 15700 8440 3860 1.86 4.07

acetazolamided 250 12 25 41 0.48 0.29

zonisamided 56 35 5.1 5250 6.86 <0.01

topiramated 250 10 58 1460 0.17 <0.01
aErrors in the range of(10%of the reported value, from three different assays. Recombinant full length hCA I, II, and XIV and catalytic domain of

hCA IX were used. bThe KI ratios indicate the inhibition selectivity. cFrom ref 27. d From ref 5.
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were noticeable in the active site and on the surface of the
molecule, respectively; both could be unambiguously mod-
eled as the 6,7-dimethoxy-3,4-dihydroisoquinoline-2(1H)-
sulfonamide (2).

As shown in Figure 1, the compound 2 binds into the
cavity of the hCA II active site with the deeply buried
sulfonamide group. The ionized nitrogen atom of the sulf-
onamidemoiety is coordinated to the zinc ion at a distance of
2.07 Å. The sulfonamide nitrogen also donates a hydrogen
bond toOγ of Thr199, and one oxygen from the sulfonamide
moiety forms a hydrogen bond with backbone amine group
of Thr199 (Figure 1). These key hydrogen bonds between the
sulfonamide moiety of the inhibitor and enzyme active site
are also found in other structurally characterized hCA
II-sulfonamide complexes.4,11,29,30

The sulfonamide moiety seems to serve as an anchor for
specific binding of compound 2 into the enzyme active site. In
addition to the polar interactions mediated by the sulfon-
amide group, hydrophobic interactions of the (substituted)
isoquinoline moiety strongly stabilize the inhibitor within
the active site cavity. The isoquinoline moiety forms numer-
ous van derWaals interactions (distance of<4.2 Å) with the
bottom of the active site (residues Gln92, Val121, Val143,
Trp209) and the loop formed by residues Ser197-Pro202.

Also, the side chain of Phe131 from helix 4 contributes to
interaction with the substituting methoxy-groups (Table S1
in Supporting Information). In the vicinity of the inhibitor, a
glycerol molecule could be modeled into the hCA II active
site, making hydrogen bonds with Asn62, Asn67, and Gln92
(Figure S1 in Supporting Information). The binding of
glycerol to an identical site was also observed in several
other hCA II-inhibitor complexes (e.g., 2NNG, 2NNS,
2NNO, 2NNV29). Glycerol was used at high concentration
(20% v/v) for crystal cryoprotection, and its binding prob-
ably represents a crystallization artifact.

Also, the inhibitor second binding site identified on the
protein surface probably has no biological relevance and
represents a crystallization artifact caused by high concen-
trations of inhibitor employed in the cocrystallization ex-
periments. The inhibitor 2 interacts through direct hydrogen
bonds with surface residues His15 and Asp19 and through a
water mediated hydrogen bond with Ser2 (Figure S2 in
Supporting Information). This inhibitor second binding site
is also occupied by sulfonamide inhibitors in other hCA
II-inhibitor complexes (e.g., PDB codes 2FOS, 2FOV,
2FOQ, 2FOU;31 2NNO, 2NNS, 2NNV;29 and 1ZFQ).

The inhibitor binding does not cause any major structural
changes to the protein; the root-mean-square deviation
(rmsd) for superposition of 256 CR atoms (residues 4-259)
of our complex structure with free hCA II (PDB code
1CA230) is 0.34 Å, which is below the value observed for
identical structures.32

Docking Studies. With the aim to clarify the differences
observed in the affinity and selectivity of our compounds
toward hCA IX or hCA XIV over hCA II, preliminary
docking analysis33 has been also performed. These computa-
tional studies were carried out using crystal structures of
hCA II, hCA IX, and hCA XIV complexed with acetazola-
mide from the RCSB Protein Data Bank (1YDB,34 3IAI,35

and 1RJ636). Then we docked the most active compound 6,
7-dimethoxy-1-isopropyl-3,4-dihydroisoquinoline-2(1H)-
sulfonamide (6) in the active site (see details in Experimental
Section). The active sites of hCA II, hCA IX, and hCA XIV
isoforms appear as a compact globular domain, located in a

Table 2. Crystal Data andDiffractionData Collection andRefinement
Statisticsa

parameter

data collection statistics
space group P21
unit cell length (Å) a = 42.31, b = 41.27,

c = 72.04

angle (deg) R = 90, β = 104.22,

γ = 90

no. of molecules in AU 1

wavelength (Å) 1.5418

resolution range (Å) 19.95-1.65 (1.69-1.65)

no. of unique reflections 26,928

redundancy 2.2 (2.2)

completeness (%) 92.5 (88.6)

Rmerge
b 0.079 (0.362)

average I/σ(I) 5.9 (2.0)

Wilson B (Å2) 13.3

refinement statistics

resolution range (Å) 19.95-1.65 (1.69-1.65)

no. of reflections in working set 25556 (1811)

no. of reflections in test set 1353 (84)

R c (%) 16.08 (22.40)

Rfree
d (%) 19.55 (28.90)

rmsd bond length (Å) 0.011

rmsd angle (deg) 1.43

no. of atoms in AU 4949

no. of protein atoms in AU 4138

no. of water molecules in AU 237

mean B (Å2) 14.0

Ramachandran plot statistics

residues in favored regions (%) 97.3

residues in allowed regions (%) 2.7

PDB code 3IGP
aThe data in parentheses refer to the highest-resolution shell.

bRmerge =
P

hkl

P
iIi(hkl) - ÆI(hkl)æ|/

P
hkl

P
iIi(hkl), where the Ii(hkl) is

an individual intensity of the ith observation of reflection hkl and ÆI(hkl)æ
is the average intensity of reflection hkl with summation over all data.
cR=

P
||Fo|- |Fc||/

P
|Fo|, where Fo and Fc are the observed and calcu-

lated structure factors, respectively. d Rfree is equivalent to R but is
calculated for 5% of the reflections chosen at random and omitted from
the refinement process.58

Figure 1. Binding of 6,7-dimethoxy-3,4-dihydroisoquinoline-
2(1H)-sulfonamide (2) to the hCA II. Detail of the hCA II active
site with the inhibitor represented as a stick model (with carbon and
oxygen atoms colored yellow and red, respectively). The 2Fo - Fc

electron density maps are contoured at 1.5σ. Protein is represented
in green as a cartoon model with residues forming polar contacts
with inhibitor highlighted in sticks. Also three histidine residues
coordinating zinc ion are shown.
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large conical cavity that spans from the surface to the center
of the protein, and present only minor differences in the
region 125-137 and in the loop incorporating residues
198-204.35 In particular, the hCA II residues Phe131,
Val135, and Leu204 are replaced by Val131, Leu135,
and Ala204 (hCA IX) and by Leu131, Ala135, and Tyr204
(hCA XIV).

Figure 2 displays the superposition of docking pose of
compound 6withX-ray position of acetazolamide in hCA II.
Moreover, it also shows the X-ray position of 2 (see X-ray
section) obtained through protein backbone-based structur-
al superposition. It is possible to note that in all three
inhibitors the sulfonamide groups assume similar orienta-
tions, sharing the key hydrogen bond interactions with the
zinc ion and Thr199. The acetazolamide and compound 2

show a very similar binding mode stabilized by both inter-
actionswith the loop and a hydrophobic contact with residue
Phe131, whereas the compound 6 appears locked in a
different orientation, probably due to hydrophobic interac-
tions with Val121, Ala142, and Ala143, through the isopro-
pyl moiety. In this disposition compound 6 lacks the
interaction with the loop, thus explaining its lower hCA II
inhibitory activity (Table 1). Figure 3 shows the docking
results of compound 6 compared with the X-ray position of
acetazolamide in complex with hCA IX (Figure 3A) and
hCAXIV (Figure 3B). It is possible to observe (Figures 3)
that the acetazolamide presents the same sort of interactions
as well as similar KI values (Table 1), whereas compound 6

seems able to establish new additional hydrophobic interac-
tions with the residues Leu135/Ala204 (hCA IX) and
Ala135/Tyr204 (hCA XIV), located in the upper part of
the binding site, thus justifying the selectivity ratios reported
in Table 1.

Conclusions

We have identified new isoquinoline derivatives containing
sulfonamide moiety that showed very high affinity toward
tumor-associated isoform hCA IX as well as neuronal hCA
XIVdisplaying inhibitory effects at nanomolar concentration.
In addition, these new compoundsproved tobe selectiveCAIs
with significant selectivity ratios for inhibiting hCA IX over
hCA II in the range 8.86-875 and for inhibiting hCA XIV
over hCA II in the range 9.09-778. This study furnished some
SAR consideration for this new class of CAIs, suggesting that
the nature of the C-1 substituent on the isoquinoline scaffold
could play a key role in the inhibitory effects. Considering the
importance and the difficulty of obtaining selective CAIs,
these results give relevant insights useful for designing new
inhibitors having low affinity to the physiological ubiquitous
hCAIandhCAIIbutmaintaining inhibitory activity onother
druggable isoforms. By X-ray crystallography, we confirmed
that these inhibitors could bind the catalytic site of CAs
through the sulfonamide moiety. In particular, we studied
one of the most active 3,4-dihydroisoquinoline-2(1H)-sulfon-
amide derivative (2) in complex with hCA II. Moreover, the
key interactions promoting the hCAIXandhCAXIVactivity

Figure 3. Structures of hCA IX (A) and hCAXIV(B) in complex with acetazolamide (magenta) overlaid with docked structure of compound 6
(blue). The residues participating in recognition of the inhibitors and the three histidine residues coordinating zinc ion are also shown. The zinc
ion is shown as gray sphere.

Figure 2. Superposition of inhibitors (acetazolamide, 2 and 6) into
the hCA II catalytic site. The residues participating in recognition of
the inhibitors and the catalytic triad (His94, His96, and His119)
coordinating zinc ion are also shown. The zinc ion is shown as a gray
sphere. Acetazolamide is reported in magenta, 2 in orange, and 6 in
blue.
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and selectivity of compound 6 were analyzed by docking
experiments.

Experimental Section

Chemistry. All reagents were purchased from Sigma Aldrich
and were used without further purification. Microwave-assisted
reactions were carried out in a CEM focused microwave synth-
esis system. Melting points were determined on a Buchi melting
point B-545 apparatus and are uncorrected. Elemental analyses
(C, H, N) were carried out on a Carlo Erba model 1106
elemental analyzer, and the results are within (0.4% of the
theoretical values. Merck silica gel 60 F254 plates were used for
analytical TLC; Rf values were determined employing TLC
plates and using CHCl3/MeOH (95:5) as eluent. 1H NMR and
13C NMR spectra were measured in CDCl3 (TMS as internal
standard) or DMSO-d6 with a Varian Gemini 300 spectrometer;
chemical shifts are expressed in δ (ppm) and coupling constants
(J) in Hz. All exchangeable protons were confirmed by addition
of deuterium oxide (D2O). GC-MS spectra for selected com-
pounds were recorded on a Shimadzu QP500 EI 151 mass
spectrometer (see Supporting Information).

General Procedure for the Synthesis of 1-(Cyclo)alkyl-6,
7-dimethoxy-1,2,3,4-tetrahydroisoquinolines (22-29). The new
one-pot procedure for the synthesis of free amines 22-29 was
carried out in microwave assisted conditions starting from
commercially available 2-(30,40-dimethoxyphenyl)ethylamine
(13) and the suitable aldehydes via imine intermediates 14-21

following a previously reported synthetic approach to obtain 1-
aryl-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinolines.27,28 Ana-
lytical and spectroscopic data for the isoquinoline derivatives
22-29 are in accordance with literature results.37-40

General Procedure for the Synthesis of 3,4-Dihydroisoquino-

line-2(1H)-sulfonamides (1-10). A mixture of the appropriate
1,2,3,4-tetrahydroisoquinoline (11) or 6,7-dimethoxy-1,2,3,
4-tetrahydroisoquinoline (12, 22-29) (1.0 mmol) and sulfamide
(6 mmol, 576 mg) in dimethoxyethane (2 mL) was placed in a
cylindrical quartz tube (L2 cm), then stirred and irradiated in a
microwave oven at 150 W for two steps of 20 min at 90 �C. The
reaction was quenched by adding water (5 mL) and extracted
with ethyl acetate (3� 5mL). The organic layerwaswashedwith
an aqueous saturated solution of NaHCO3 (2 � 5 mL), dried
over Na2SO4, and concentrated until dryness under reduced
pressure. The residue crystallized from diethyl ether to give the
desired compounds 1-10.

3,4-Dihydroisoquinoline-2(1H)-sulfonamide (1). Yield 43%;
mp 161-163 �C. Rf = 0.415. 1H NMR (DMSO-d6) δ 2.89 (t,
J = 5.77, 2H, CH2), 3.24 (t, J = 5.77, 2H, CH2), 4.18 (s, 2H,
CH2), 6.91 (bs, 2H, NH2), 7.15 (s, 4H, ArH). Anal.
(C9H12N2O2S) C, H, N.

6,7-Dimethoxy-3,4-dihydroisoquinoline-2(1H)-sulfonamide (2).
Yield 51%; mp 164-166 �C. Rf = 0.405. 1H NMR (DMSO-d6)
δ 2.79-2.81 (m, 2H, CH2), 3.19-3.23 (m, 2H, CH2), 3.70
(s, 6H, OCH3), 4.09 (s, 2H, CH2), 6.71 (s, 1H, ArH), 6.72 (s,
1H, ArH), 6.85 (bs, 2H, NH2). Anal. (C11H16N2O4S) C, H, N.

6,7-Dimethoxy-1-methyl-3,4-dihydroisoquinoline-2(1H)-sulfon-
amide (3). Yield 35%; mp 172-174 �C. Rf = 0.465. 1H NMR
(CDCl3) δ 1.54 (d, J= 6.87, 3H, CH3), 2.64-2.70 (m, 1H, CH),
2.96-3.12 (m, 1H, CH), 3.35.3.45 (m, 1H, CH), 3.82-3.95 (m,
1H, CH), 3.85 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 4.35 (bs, 2H,
NH2), 4.95 (q, J=6.87, 1H, CH), 6.56 (s, 1H, ArH), 6.59 (s, 1H,
ArH). Anal. (C12H18N2O4S) C, H, N.

6,7-Dimethoxy-1-ethyl-3,4-dihydroisoquinoline-2(1H)-sulf-
onamide (4). Yield 33%; mp 201-203 �C. Rf = 0.470. 1H NMR
(CDCl3) δ 1.07 (t, J= 7.42, 3H, CH3), 1.75-1.85 (m, 2H, CH2),
2.60-2.66 (m, 1H, CH), 3.04-3.16 (m, 1H, CH), 3.36-3.47
(m, 1H, CH), 3.78-3.99 (m, 1H, CH), 3.85 (s, 3H, OCH3), 3.86
(s, 3H, OCH3), 4.27 (bs, 2H, NH2), 4.61-4.66 (m, 1H, CH),
6.57 (s, 1H, ArH), 6.59 (s, 1H, ArH). Anal. (C13H20N2O4S)
C, H, N.

6,7-Dimethoxy-1-propyl-3,4-dihydroisoquinoline-2(1H)-sulfon-
amide (5). Yield 46%. Mp 185-187 �C. Rf = 0.520. 1H NMR
(CDCl3) δ 0.98 (t, J = 7.42, 3H, CH3), 1.48-1.81 (m, 4H,
CH2-CH2), 2.60-2.66 (m, 1H, CH), 3.04-3.16 (m, 1H, CH),
3.38-3.48 (m, 1H, CH), 3.85 (s, 3H, OCH3), 3.87 (s, 3H, OCH3),
3.93-4.00 (m, 1H, CH), 4.27 (bs, 2H, NH2), 4.70-4.74 (m, 1H,
CH), 6.56 (s, 1H, ArH), 6.58 (s, 1H, ArH). Anal. (C14H22N2O4S)
C, H, N.

6,7-Dimethoxy-1-isopropyl-3,4-dihydroisoquinoline-2(1H)-sulf-
onamide (6). Yield 44%; mp 187-189 �C. Rf = 0.505. 1H NMR
(DMSO-d6) δ 0.86-0.90 (m, 6H, CH3), 1.96-2.02 (m, 1H, CH),
2.57-2.62 (m, 1H, CH), 2.84-2.92 (m, 1H, CH), 3.33-3.39 (m,
1H, CH), 3.48-3.56 (m, 1H, CH), 3.70 (s, 6H, OCH3), 4.27 (d,
J=7.14, 1H,CH), 6.57 (bs, 2H,NH2), 6.68 (s, 1H,ArH), 6.70 (s,
1H, ArH). Anal. (C14H22N2O4S) C, H, N.

1-Cyclopropyl-6,7-dimethoxy-3,4-dihydroisoquinoline-2(1H)-
sulfonamide (7). Yield 35%; mp 217-219 �C. Rf = 0.468. 1H
NMR (DMSO-d6) δ 0.42-0.61 (m, 4H, CH2), 1.13-1.17 (m,
1H, CH), 2.55-2.60 (m, 1H, CH), 2.88-2.99 (m, 1H, CH),
3.34-3.65 (m, 2H, CH), 3.99 (d, J = 7.14, 1H), 6.62 (bs, 2H,
NH2), 6.68 (s, 1H, ArH), 6.76 (s, 1H, ArH). Anal.
(C14H20N2O4S) C, H, N.

1-n-Butyl-6,7-dimethoxy-3,4-dihydroisoquinoline-2(1H)-sulfon-
amide (8). Yield 60%; mp 171-173 �C. Rf = 0.533. 1H NMR
(CDCl3) δ 0.93 (t, J = 7.42, 3H, CH3), 1.25-1.81 (m, 6H,
CH2-CH2-CH2), 2.60-2.66 (m, 1H, CH), 3.07-3.16 (m, 1H,
CH), 3.38-3.48 (m, 1H, CH), 3.85 (s, 3H, OCH3), 3.86 (s, 3H,
OCH3), 3.93-4.00 (m, 1H, CH), 4.28 (bs, 2H, NH2), 4.68-4.73
(m, 1H, CH), 6.56 (s, 1H, ArH), 6.58 (s, 1H, ArH). Anal.
(C15H24N2O4S) C, H, N.

1-Cyclopentyl-6,7-dimethoxy-3,4-dihydroisoquinoline-2(1H)-
sulfonamide (9). Yield 67%; mp 193-195 �C. Rf = 0.575. 1H
NMR (CDCl3) δ 1.39-1.92 (m, 9H, CH), 2.13-2.16 (m, 1H,
CH), 2.71-2.76 (m, 1H, CH), 3.07-3.09 (m, 1H, CH),
3.53-3.61 (m, 1H, CH), 3.86 (s, 6H, OCH3), 3.91-3.98 (m,
1H, CH), 4.17 (bs, 2H, NH2), 4.45 (d, J=8.89, 1H), 6.60 (s, 1H,
ArH), 6.63 (s, 1H, ArH). Anal. (C16H24N2O4S) C, H, N.

1-Cyclohexyl-6,7-dimethoxy-3,4-dihydroisoquinoline-2(1H)-
sulfonamide (10). Yield 34%; mp 177-179 �C. Rf = 0.560. 1H
NMR (CDCl3) δ 1.03-1.99 (m, 11H, CH), 2.73-2.80 (m, 1H,
CH), 2.98-3.11 (m, 1H, CH), 3.48-3.61 (m, 1H, CH),
3.83-3.90 (m, 1H, CH), 3.85 (s, 3H, OCH3), 3.86 (s, 3H,
OCH3), 4.09 (bs, 2H, NH2), 4.37 (d, J = 8.79, 1H, CH), 6.57
(s, 1H, ArH), 6.62 (s, 1H, ArH). Anal. (C17H26N2O4S) C, H, N.

CA Inhibition Assay. An Applied Photophysics stopped-flow
instrument has been used for assaying the CA catalyzed CO2

hydration activity.41 Phenol red (at a concentration of 0.2 mM)
has been used as indicator, working at the absorbancemaximum
of 557 nm, with 10-20 mM Hepes (pH 7.5) or Tris (pH 8.3) as
buffers and 20mMNa2SO4 or 20mMNaClO4 (for maintaining
constant the ionic strength), following the initial rates of theCA-
catalyzed CO2 hydration reaction for a period of 10-100 s. The
CO2 concentrations ranged from 1.7 to 17 mM for the determi-
nation of the kinetic parameters and inhibition constants. For
each inhibitor at least six traces of the initial 5-10% of the
reaction have been used for determining the initial velocity. The
uncatalyzed rates were determined in the same manner and
subtracted from the total observed rates. Stock solutions of
inhibitor (10 mM) were prepared in distilled-deionized water,
and dilutions up to 0.01 nM were done thereafter with distil-
led-deionized water. Inhibitor and enzyme solutions were
preincubated together for 15 min at room temperature prior
to assay in order to allow for the formation of the E-I complex.
The inhibition constants were obtained by nonlinear least-
squares methods using PRISM 3, as reported earlier, and
represent the mean from at least three different determinations.
CA isoforms were recombinant ones obtained as reported ear-
lier by this group.42-45

Protein Crystallography. Protein Crystallization and X-ray

Data Collection. The complex was prepared by adding 5-fold
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molar excess of 6,7-dimethoxy-3,4-dihydroisoquinoline-2(1H)-
sulfonamide (2) (in dimethyl sulfoxide) to 10 mg 3mL-1 protein
solution of hCA II (Sigma) in 100 mMTris-Cl, pH 8.5. The best
crystals of the complex were obtained by the hanging-drop
vapor diffusion method, under the following conditions: an
amount of 2 μL of complex solution was mixed with 2 μL of
precipitant solution [2.5 M (NH4)2SO4, 0.3 M NaCl, 100 mM
Tris-Cl, pH 8.2] and equilibrated over a reservoir containing
1 mL of precipitant solution at 18 �C. Crystals with dimensions
0.4 mm � 0.2 mm � 0.1 mm grew within 10 days.

For data collection, the crystals were soaked in the reservoir
solution supplemented with 20% (v/v) glycerol and transferred
to liquid nitrogen.Diffraction datawere collected at 120Kusing
an in-house diffractometer (Nonius FR 591) connected to 345
mm MarResearch image plate detector. The best crystal dif-
fracted up to 1.65 Å resolution, and diffraction data were
integrated and reduced using MOSFLM46 and scaled using
SCALA47 from the CCP4 suite of programs.48 Crystal para-
meters and data collection statistics are summarized in Table 2.

StructureDetermination, Refinement, andAnalysis.The struc-
ture of hCA II in complex with 6,7-dimethoxy-3,4-dihydroiso-
quinoline-2(1H)-sulfonamide (2) was solved using the difference
Fourier method, using hCA II structure (Protein Data Bank
entry 1H9N49) as the initial model. Initial rigid-body refinement
and subsequent restrained refinement were performed using the
program REFMAC 5.48 The structure was refined with two
inhibitor molecules, one in the enzyme active site and the other
located in the surface pocket in the vicinity of the enzyme
N-terminus. Atomic coordinates and geometry library for the
inhibitorwere generated using the PRODRGserver.50 TheCoot
program51 was used for inhibitor fitting, model rebuilding, and
addition of water molecules. In final refinement stages, TLS
refinement cycles in the program REFMAC 5 were intro-
duced.52 The quality of the crystallographic model was assessed
with MolProbity.53 Program CONTACT/ACT from the CCP4
suite48 was used for finding contacts between inhibitor and
protein molecules. The final refinement statistics are summar-
ized in Table 2. All figures showing structural representations
were prepared using PyMOL,54 and the APBS55 tools plugin
was used for generating solvent accessible surface colored by
electrostatic potential.

Docking Studies. The crystal structures of hCA II, hCA IX,
and hCAXIV in complex with the inhibitor acetazolamide were
retrieved from the RCSB Protein Data Bank (entry code
1YDB,34 3IAI,35 and 1RJ636). The complex 1YDB presents
the mutant Phe198; thus, for our docking studies, it was con-
verted in Leu198, placing its side chain in the same position
observed in our X-ray crystal structure of hCAII. Hydrogen
atoms were added to proteins by the Biopolymer module in
SYBYL 8.0.1.56 The acetazolamide structure was extracted
from an X-ray complex, and the other structures of the ligands
were constructed using standard bond lengths and angles from
the SYBYL 8.0 fragment library. All inhibitors were fully
optimized by the semiempirical quantum mechanical method
AM1. The ligands minimized in this way were docked in their
corresponding proteins by means of Gold 3.1.1.33 The region of
interest used by Gold was defined in order to contain the
residues within 10 Å from the original position of the ligand in
the X-ray structures; the zinc ion was set as possessing a
trigonal-bipyramidal coordination. The “allow early termina-
tion” command was deactivated, while the possibility for the
ligand to flip ring corners was activated. ChemScore33 was
chosen as the fitness function, and the formation of a H bond
between the hydroxyl group of Thr199 and the ligands was also
imposed.57 As regards to all the other parameters, the Gold
default ones were used, and the ligands were submitted to 100
genetic algorithm runs.
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