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Abstract: Here we describe the functionalization of lupulone natural compound in obtaining
3-Isobutyl-5,5,7-tris(3-methylbut-2-en-1-yl)-1-phenyl-1,7-dihydro-4H-indazole-4,6(5H)-dione. The
lupulone-H-indazole derivative was prepared with 75% yield through the reaction between lupu-
lone and phenyl-hydrazine employing SiO2/ZnCl2 (30% m/m) as a support solid in a solvent-free
condition. Based on the possibilities of products, a complete NMR structural characterization of this
lupulone-H-indazole was performed by 1H, 13C{1H}, COSY, HSQC and HMBC NMR experiments,
showing an important contribution in producing the first results related to lupulone reactivity.

Keywords: soft resin; lupulone-indazole; NMR Spectroscopy; solvent-free

1. Introduction

Biomass is renewable organic material that comes from animals and plants [1]. These
materials are getting the attention of researchers due to the chemical transformation ability,
which can lead to molecules with therapeutic potential or great industrial applicability [1,2].

Humulus lupulus L. has long been used as a medicinal plant, and its benefits include
blood purification, treatment of inflammation, and sedative properties [3]. The compounds
present in the extracts or essential oil of this plant have also been explored regarding their
synthetic potential [4].

Hop is a base material in the brewing process to provide flavor and aroma to beer. Hop
essential oil is present in the glandular cells of the hop plant, Humulus lupulus (Cannabi-
naceae) [5]. Among the vast number of natural compounds in the hop extract [6] are
humulone and lupulone (Figure 1), which exhibit biological activity against some human
cancer cells and have antibiofilm properties [7,8].

Figure 1. Structures of (−)-humulone and lupulone.

Based on our interest in the evaluation of the pharmacological properties of natural
products [9,10], especially structural modification [11–14], we isolated lupulone from
the hop plant. In this sense, the derivation of lupulone containing heterocyclic nitrogen
represents a consolidated strategy to improve the pharmacological properties [11].

On the basis of these recent findings, we report here the first results related to the
derivatization of lupulone through reaction with phenyl-hydrazine. Considering the
lupulone structure and the possibilities of products, a full structural characterization was
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performed, which confirmed the formation of a H-indazole ring through 1H, 13C{1H}, COSY,
HSQC, and HMBC NMR experiments.

2. Results and Discussion

Lupulone was isolated from soft resin fraction of hops in a 3% (m/m) yield after
extraction and chromatographic purification, according to Taniguchi’s method [15,16].
The 3-Isobutyl-5,5,7-tris(3-methylbut-2-en-1-yl)-1-phenyl-1,7-dihydro-4H-indazole-4,6(5H)-
dione was obtained through a solvent-free reaction under conventional heating between
lupulone and phenyl-hydrazine, in the presence of SiO2/ZnCl2 (30% m/m) solid sup-
port [17]. After chromatographic purification of the crude, the lupulone derivative 4 was
isolated in a moderate yield (75%). The structure of the lupulone derivative 4 was supported
by 1D and 2D NMR experiments and HRMS analysis, as can be seen in the characterization
data (Section 3: Materials and Methods).

Initially, the reaction between lupulone and phenyl-hydrazine was optimized. As seen
in Table 1, the presence of an acid support solid was essential to produce the lupulone
derivative, as the presence of the reagents only was not sufficient to detect a product. The
heating of the reaction media increased the yield, with the use of 60 ◦C demonstrating the
best performance (Table 1, entry 5). When an excess of phenyl-hydrazine was employed,
the yield increased to 75% (Table 1, entry 6), although continuing to increase the amount of
the phenyl-hydrazine did not enhance the reaction efficiency (Table 1, entry 6). The product
highlighted in the Table 1 is the expected product in this functionalization.

Table 1. Optimization of the reaction between lupulone and phenyl-hydrazine.

Entry Catalyst
(56 mol %) Lupulone: Hydrazine Ratio (mmol) Temp.

(◦C) Yield (%) a

1 – (0.5:0.5) 60 –
2 SiO2/ZnCl2 (0.5:0.5) 60 51
3 SiO2/ZnCl2 (0.5:0.5) 25 20
4 SiO2/ZnCl2 (0.5:0.5) 100 31
5 SiO2/ZnCl2 (0.5:0.6) 60 75
6 SiO2/ZnCl2 (0.5:0.7) 60 76

a Yield of the isolated product.

At this moment, the main product was isolated by column chromatography; however,
several small by-products were also detected by thin-layer-chromatography of the crude
reaction. Evaluation using mass spectrometry showed it was not possible to discriminate
the product possibilities, because of mass similarities and the tautomerism effect (Figure 2).
Additionally, when employing 1H and 13C{1H} NMR experiments, it was possible to
eliminate the lupulone derivatives 1, 2, and 5 (Figure 2), due the amount of aliphatic
carbons, but this was not sufficient to clarify the lupulone derivatives 3, 4 and 6 (see
Figure 2). Thus, a full assignment was performed, for which 2D NMR experiments were
also necessary. Based on this structural elucidation, COSY, HSQC and HMBC NMR
experiments were carried out, and the NMR data were interpreted according to the Table 2.
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Figure 2. Possible products and full structural assignment of the lupulone derivative 4.

Table 2. 1H and 13C chemical shifts, coupling constants, and HMBC 2D correlations of lupulone
derivative 4.

Number 1H (ppm) 13C (ppm) 1H-13C HMBC

1 — — —
2 — — —
3 — 153.6 —
4 — 193.1 —
5 — 65.7 —
6 — 210.0 —
7 3.89 (dd, J = 5.0 and 6.3 Hz) 46.8 6, 8, 9 and 14
8 — 147.1 —
9 — 118.6 —
10 2.98 (d, J = 7.2 Hz) 36.3 3 and 9
11 2.25 (n, J = 6.7 Hz) 28.1 3, 10, 12 and 13
12 1.07 (d, J = 6.7 Hz) 22.4 10 and 11
13 1.06 (d, J = 6.7 Hz) 22.3 10 and 11
14 2.10 (ddd, J = 6.3, 6.6 and 14.7 Hz) 30.1 6, 7, 8, 15 and 16
14’ 2.55–2.70 (m) 30.1 6, 7, 8, 15 and 16
15 4.60 (t, J = 7.3 Hz) 118.4 14, 17 and 18
16 — 135.6 —
17 1.26 (s) 25.7 15 and 16
18 1.53 (s) 17.4 15 and 16
19 2.78 (d, J = 7.4 Hz) 33.9 4, 5, 6, 20 and 21
20 4.93 (t, J = 7.4 Hz) 118.1 19, 22 and 23
21 — 134.4 —
22 1.66 (s) 26.0 19, 20 and 21
23 1.72 (s) 18.0 19, 20 and 21
24 2.55–2.70 (m) 39.5 4, 5, 6, 25 and 26
25 4.94 (t, J = 7.3 Hz) 118.6 24, 27 and 28
26 — 135.1 —
27 1.53 (s) 25.9 24, 25 and 26
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Table 2. Cont.

Number 1H (ppm) 13C (ppm) 1H-13C HMBC

28 1.67 (s) 17.7 24, 25 and 26
29 — 139.2 —
30 7.48–7.50 (m) 124.6 29 and 32
31 7.57–7.59 (m) 129.6 29
32 7.53–7.54 (m) 128.7 30

The 2D NMR experiments confirmed the formation of the H-indazole ring, according
to the structural assignment (Figure 2). First, the 1H spectrum (Figure S1) demonstrates
a clear signal profile, with the aliphatic protons being easily identified (Table 2, methyl
groups, numbers: 12, 13, 17, 18, 22, 23, 27 and 28), as well as the aromatic protons (Table 2,
numbers 30, 31, 31’, 32). In a downfield 1H chemical shift, it is possible to detect the vinylic
signals (Table 2, numbers 15, 20 and 25) alongside an additional proton, established by
integral values. This extra 1H NMR signal in 3.9 ppm demonstrates a deshielded chemical
shift due the proximity to nitrogen and carbonyl groups, or it could be derived from
some hydroxyl group of the lupulone derivative 3 [18]. In a upfield region, it is possible
to observe the aliphatic signals, considering the multiplicity standard (Table 2, numbers
10, 11, 14, 19 and 24). It is noteworthy that the protons 14 are diastereotopics with a
distinct multiplicity profile (Table 2, numbers 14 and 14’, confirmed by HSQC), indicating
the lupulone derivative 4 or its tautomer, with the lupulone derivative 6 as the possible
product, due the presence of the aromatic ring near to these protons, which results in
an anisotropic environment. Based on the COSY experiment, stronger correlations were
observed between the protons 14 and 14’ with the deshielded aliphatic proton (number 7),
which confirms the lupulone derivative 4 and excludes the lupulone derivative 6.

According to the 13C{1H} spectrum (Figure S2), all 32 carbons can be visualized once
no overlapping of signals occurred. The amount of aliphatic carbons corroborates with
the H-indazole ring through the presence of an additional aliphatic carbon, differently
from other probable products (Figure 2: lupulone derivatives 1, 2 and 5). Considering the
aromatic region, only two downfield carbons are evident with a typical carbonyl chemical
shift profile (Table 2, numbers 4 and 6, 193.0 and 209.9 ppm, respectively, confirmed by
HMBC), which allows us to discard the lupulone derivative 3 due to the presence of phenol
groups in the main structure [18]. Additionally, the ortho and meta carbons can be identified
from aromatic ring based on the signal intensity. However, no further identifications could
be evidenced without the HSQC and HMBC 2D NMR experiments (see NMR spectra in SI).

Although the 1H and 13C NMR profile can provide good evidence for the lupulone
derivative 4 (Figure 2), more proof is necessary to confirm the main structure. Thus, a full
structural elucidation is necessary to identify all protons and carbons signals, and for this
purpose, 2D NMR experiments were carried out. As can be seen in Table 2, proton-carbon
correlations are valuable for recognizing all NMR signals. Additionally, interpreting the
COSY NMR experiment (Figure 3), the methyl groups 12 and 13 and the proton 10 were
identified by the correlation with proton 11 (2.25 ppm, nonet) containing eight neighbor
protons. In the same NMR region, the diastereotopic protons 14 and 14’ could be detected
by the correlation between them and by a weak correlation with the vinylic proton 15, also
confirming the methyl groups 17 and 18. The other two butene groups were recognized by
the same correlation pattern, although no distinction among these groups was possible.
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Figure 3. COSY and HMBC correlations in the lupulone derivative 4.

Next, the HSQC NMR spectrum was evaluated (Figure S4). Based on the identification
of the protons using proton–proton correlations, the carbons directly attached were detected.
The aliphatic moiety was easily recognized, because there is only one quaternary carbon
(Table 2, number 5). When the downfield region was checked, the vinylic carbons attached
to the protons were identified (Table 2, numbers 15, 20 and 25) as were the ortho, meta and
para carbons in the aromatic ring (Table 2, number 30, 31 and 32).

Finally, the HMBC NMR experiment was carried out to assign the quaternary carbons,
confirming the main core of the lupulone derivative 4 (Figures S5–S7). In this way, to
carry out the 1H-13C HMBC experiment, 10 Hz was used for the long-distance parameter
(SI, CNST13), although this long-range term could be optimized for a proper assignment.
Based on the proximity of protons and carbons, especially considering the stronger 3J1H-13C
scalar coupling, the quaternary carbons were assigned. It is important to mention that the
correlation between the diastereotopic protons 14 and 14’ and the carbons C6, C7, C8, C15
and C16 were also visualized in the HMBC NMR spectrum.

Analysis of HMBC NMR spectrum in the downfield region supports the formation of
the lupulone derivative 4 (Figure 3). The quaternary carbon 3 was assigned by correlations
with the protons 10 and 11, corroborating the typical 13C chemical shift (Table 2; number 3;
153.6 ppm). The carbon 4 (carbonyl) can be confirmed by 3J correlation with the protons
24 and 19 (Figure S7), but it does not have a correlation with the proton 7. The quaternary
carbon-5 does not demonstrate correlation with the proton 7, which supports the lupulone
derivative 4. The carbon 6 demonstrates a similar profile with the 3J correlation with
the protons 7, 19 and 24. When we evaluated the carbon 7, only weak correlations were
observed with the diastereotopic protons 14 and 14’. The carbon 8 was clearly assigned by
the correlation with the proton 7 and a weak correlation with the diastereotopic protons
14 and 14’ (Figure S6). Finally, the carbon 9 was assigned by the correlations with the
protons 7 and 10 (Figure 3).

The NMR experimental data completely support the lupulone derivative 4. Although
the possible tautomers of lupulone derivative 4 (Figure 2; tautomers 1 and 2) can change
the chemical shift profile, their structures were not detected in the NMR spectra. Thus,
to improve the discussion regarding the reactivity of the lupulone starting material, we
propose a plausible mechanism (Figure 4) [19]. Initially, a keto-enol tautomerism justifies
the formation of an aliphatic carbon in the main structure. The first step is the formation
of imine from the reaction between ketone and amine organic functions, eliminating a
water molecule. Afterward, a cyclization is favored, derived from the proximity between
carbonyl and amine groups, followed by the elimination of the hydroxyl group (E1cB type).
Finally, the base present in the media provides the formation of another carbonyl group,
establishing the H-indazole ring and producing another water molecule. The formation of
a heteroaromatic ring by the tautomerism effect affords the product lupulone derivative
4, probably derived from the stability gain by the aromaticity (Figure 4). In addition, the
lupulone derivative 2 was not observed; however, the ring contraction is a possible pathway,
derived from an isomerization process [20]. Based on this mechanism, it is possible to
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visualize the formation of various other products derived from the different pathways in
this reaction (Figure S8, lupulone derivatives 1 and 3), justifying the need to perform a full
structural assignment, as varying the reaction conditions could produce distinct products.

Figure 4. A plausible mechanism to obtain the lupulone derivative 4.

3. Materials and Methods

The reactions were monitored by TLC carried out on pre-coated TLC sheets ALUGRAM®

Xtra SIL G/UV254 by using UV light as the visualization agent and the mixture of 5% vanillin
in 10% H2SO4 under heating conditions as the developing agent. Silica gel (particle size
63–200 µm) was used for flash chromatography. The reagents, solvents and chromatographic
materials were purchased from Sigma-Aldrich® Brazil. The nuclear magnetic resonance
(NMR) data were collected on a Bruker Avance III HD spectrometer (Bruker®, Atibaia,
Brazil) operating at 400.0 MHz for 1H and 100 MHz for 13C. NMR data were recorded at
25 ◦C, with chemical shifts δ reported in parts per million and coupling constants J in Hertz.
The NMR sample was prepared employing 5 mg of the respective lupulone derivative 4
in 600 µL deuterated chloroform. Chemical shifts of 1H and 13C{1H} NMR experiments
were referenced by TMS (tetramethylsilane) at δ = 0.0 ppm. Two-dimensional NMR ex-
periments COSY, HSQC, and HMBC were performed using the standard Bruker pulse
sequence with gradient. The relaxation delay, 90◦ pulse, spectral width, and number of data
points for 1H NMR were 1 s, 9.43 µs, 5580 Hz, and 64 K, respectively. The corresponding
parameters for the 13C NMR experiments were 0.5 s, 10.0 µs, 26,041 Hz, and 64 K, respec-
tively. Two-dimensional experiments, including COSY, HSQC, and HMBC, were performed
with 4 K × 512 (t2 × t1) data points. The long-range coupling time for 1H-13C HMBC
was 10 Hz. All data were analyzed using Bruker software (Topspin 3.6, Bruker®, Atibaia,
Brazil). Low-resolution mass spectra (MS) were obtained with a Shimadzu GC-MS-QP2010
mass spectrometer (São Paulo, Brazil). The HRMS analyses were performed in a Bruker
micrOTOF-QII spectrometer equipped with an APCI source operating in positive mode.
The samples were solubilized in acetonitrile and analyzed by direct infusion at a constant
flow rate of 180 µL/min. The acquisition parameters were capillary: 4000 V, end plate offset:
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−500 V, nebulizer: 1.5 bar, dry gas: 1.5 L min−1, and dry heater: 180 ◦C. The collision cell
energy was set to 5.0 eV. The mass-to-charge ratio (m/z) data were processed and analyzed
using Bruker Daltonics software: Compass Data Analysis and Isotope Pattern.

Experimental Procedure to obtain the Lupulone Derivative 4: The 3-Isobutyl-5,5,7-
tris(3-methylbut-2-en-1-yl)-1-phenyl-1,7-dihydro-4H-indazole-4,6(5H)-dione was obtained
through the reaction between lupulone (0.5 mmol) and phenyl-hydrazine (0.6 mmol)
employing 20 mg (0.277 mmol) of SiO2/ZnCl2 (30% m/m) [17] as a support solid in a
solvent-free condition. The reaction media was heated to 60 ◦C for 20 h. The conventional
heating was removed and the heterogenous catalyst was filtred using a small amount of
ethyl acetate (2.0 mL). Then, the solvent was removed without an extraction step, and the
sample obtained was directly purified by column chromatography. The lupulone derivative
4 was isolated in a moderate yield (75%) by column chromatography, employing a mixture
of n-hexane/ethyl acetate in a 94:04 ratio. The product is a yellow oil with a pleasant smell.

Lupulone Derivative 4 Characterization: Yield 75%, yellow oil. NMR 1H (CDCl3,
400 MHz) δ 0.98 (d, J = 3.0 Hz, 3H), 0.99 (d, J = 3.0 Hz, 3H), 1.18 (s, 3H), 1.44 (s, 3H),
1.53 (s, 3H); 1.57 (m, 6H); 1.63 (s, 3H); 2.10 (ddd, J = 6.3, 6.6 and 14.7 Hz), 2.13–2.18 (m,
1H), 2.50–2.60 (m, 3H), 2.70 (d, J = 7.3 Hz, 2H), 2.90 (d, J = 7.2 Hz, 2H), 3.84–3.79 (m, 1H),
4.51 (t, J = 7.2 Hz, 1H), 4.86 (t, J = 7.3 Hz, 2H), 7.47–7.37 (m, 3H), 7.55–7.47 (m, 2H). 13C
NMR (100 MHz, CDCl3) δ 17.36; 17.69; 17.96; 22.34; 22.40; 25.71; 25.90; 25.93; 28.07; 30.11;
33.83; 36.32; 39.50; 46.74; 65.65; 118.12; 118.39; 118.58; 119.72; 124.54; 128.70; 129.59; 134.37;
135.05; 135.61; 139.21; 147.14; 153.56; 193.04; 209.92. MS (relative intensity) m/z: 486 (3);
417(39); 349(100); 333(15); 295(4); 251(2); 207(4); 77(5); 69(26); 41(29). IR (cm−1): 3224, 2988,
2220, 1615, 1463, 942, 962, 784. HRMS (ESI): m/z [M + H]+ calcd for C32H43N2O2: 487.33191;
found: 487.33183.

4. Conclusions

In conclusion, we synthesized 3-Isobutyl-5,5,7-tris(3-methylbut-2-en-1-yl)-1-phenyl-
1,7-dihydro-4H-indazole-4,6(5H)-dione and performed a full structural elucidation of its
1H and 13C{1H} NMR signals. This is an important contribution to produce the first
results related to lupulone reactivity, which could be used for pharmacological applications.
Considering the lupulone derivative 4 accessed, these results highlight the possibilities for
new derivatizations, especially considering the tautomerism effect.

Supplementary Materials: The following are available online. Figures S1–S7: 1H, 13C, COSY, HSQC
and HMBC spectra; Figure S8: Mechanism to access the Lupulone Derivative 1 (Expected) and
Lupulone Derivative 3 (not favored).
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