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Fentanyl and Its Analogue N-(1-Phenylpyrazol-3-yl)-NV-[1-(2-phenylethyl)-
4-piperidyl]propanamide: 'H- and >*C-NMR Spectroscopy, X-Ray
Crystallography, and Theoretical Calculations
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The oxalate salts and free bases of fentanyl

and N-[1-(2-phenylethyl)-4-piperidyl]-/~V-(1-phenyl-4-

pyrazolyl)propanamide, a new lead compound for long-acting analgesia, have been characterized by 'H- and *C-
NMR spectroscopy. The crystal structure of the hydrochloride of N-[1-(2-phenylethyl)-4-piperidyl]-~N-(1-phenyl-
4-pyrazolyl)propanamide monohydrate has been determined. Two centrosymmetrically related cations, joined
through C(phenyl)-H:--7 contacts, encapsulate a large void that contains pairs of anions and bridged water
molecules into a zero-dimensional (0D) supramolecular motif. The cations are linked to this framework via
N*H-+-ClI~ contacts. GIAO/B3LYP calculations have been carried out to compare the experimental *C chemical
shifts with the absolute shieldings thus calculated. The protonation of both molecules takes place on the piperi-
dine ring (axial protonation), as has been verified both in the solid state (X-ray) and in solution (NMR).
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4-Anilinopiperidine derivatives have been the subject of
considerable interest"? due to their analgesic properties. N-
[1-(2-Phenylethyl)-4-piperidyl]-N-phenylpropanamide® (fen-
tanyl (1), see Fig. 1), the clinically most important member
of this family, is characterized by very high potency as well
as rapid onset and short duration of action. The use of fen-
tanyl via transdermal administration for the treatment of on-
cologic and chronic pain creates the need for long-acting fen-
tanyl derivatives.*~” The recently published in vivo pharma-
cological studies® of N-[1-(2-phenylethyl)-4-piperidyl]-N-(1-
phenyl-4-pyrazolyl)propanamide (2) (see Fig. 1), a new
member of the 4-anilinopiperidine family with long-acting
analgesic properties confers on this compound a unique posi-
tion within this group. In comparison with fentanyl and de-
spite its potent and selective i opioid agonist properties (2,
K;=0.032nm; 1, K;=5.9nm), 2 was found to be a less potent
analgesic in the hot plate test in mice. However, 2 showed a
three-fold longer duration of analgesia in this test (2,
360 min; 1, 120 min).

Structure—activity relationship (SAR) studies'**~'¥ in the
fentanyl series have led to the discovery of compounds with
diverse analgesic profiles (carfentanil, alfentanil, sufentanil,
lofentanil, mirfentanil, remifentanil, ohmefentanil, 4-methyl-
fentanil, efc.). Among the N-phenylpropanamide group mod-
ifications that have been reported, only few heterocyclic (six-
membered rings, pyrroles, and fused-ring types) substitutions
of the phenyl ring have been described.'>!® The resulting
compounds combined another structural modification: the
propanamide group was substituted by a methoxyacetamide
residue known to confer short duration of action, and these
compounds have generally shown weaker analgesic effects
than fentanyl. Within this context, the fentanyl analogue 2
has an especially interesting pharmacological profile and de-
serves more complete structural study.

Despite the importance of fentanyl and the fact that it has
been the subject of a large number of structural and confor-
mational studies,'”** the basis of fentanyl binding is still
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under investigation.?” According to the Cambridge Crystal-
lographic Database (CSD)* the crystal structure of the cit-
rate salt of 1?° and that of citrate-toluene solvate*” have been
solved. The crystallographic data of the latter compound
have been combined with interactive molecular graphics
techniques on a series of fentanyl analogues to carry out a
comparative conformational analysis (no atomic coordinates
for the citrate salt of 1°® are available). Using PCILO calcu-
lations, 306 possible conformations have been found for fen-
tanyl.”® Subsequently, MM2 and semiempirical AMI calcu-
lations® proposed a chair conformation for the piperidine
ring with an axial anilide group which agrees with 'H- and
BC-NMR spectroscopic data.?3"

The crystal structures of various fentanyl derivatives have
mainly been reported as part of SAR studies.?>?! 3%
Recently, the X-ray analysis of the ohmefentanyl derivatives
allowed determination of the absolute configuration of
stereoisomers of this potent analgesic.>

Our purpose is to contribute to the structural characteriza-
tion of fentanyl (1) and its analogue N-[1-(2-phenylethyl)-4-
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Fig. 1. Structures of Fentanyl (1) and Fentanyl Derivative (2)
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Table 1. 'H- and 3C-NMR Chemical Shifts (ppm) and Coupling Constants, Jun (Hz) for Fentanyl (1) in CDCI, and 3C-NMR Chemical Shifts (ppm) of

the Free Base 1 in CF,CO,H at 20 °C*

Free base 1 Oxalate 1H™* Free base 1 Oxalate 1H* 1H*
C, H No.
O¢ 6 mult. O¢ Oy mult. - Jun CF;CO,H, 6.
2, 6ax 53.32 2.10 bt 52.85 2.73 bt 2ax, 2eq 11.7 12.2 52.97
eq 2.94 bd 3.58 bd 2ax, 3ax 11.5 12.2
3, Sax 30.73 1.37 bq 27.84 1.76 qd 3ax, 3eq 12.0 12.9 27.99
eq 1.74 bd 1.89 bd 3ax, 4 12.2 12.9
4 52.29 4.62 tt 49.90 473 tt 3ax, 2eq n.d. 3.5 49.75
7 60.72 2.47 m 58.64 3.06 m 3eq, 4 3.9 3.7 58.82
8 34.03 2.66 m 30.94 2.89m 7,8 n.d. n.d. 30.87
9 140.40 136.27 18,19 7.4 7.5 135.90
10, 14 128.87 7.08 d 128.85 7.05d 10, 11 7.5 7.7 128.79
11,13 128.63 7.19dd 129.21 7.20 dd 11,12 7.2 7.2 129.46
12 126.29 711t 127.53 715t 21,22 7.5 6.7 127.86
20 139.02 137.87 22,23 7.0 6.8 137.54
21,25 130.67 7.01d 129.99 6.96 d 129.94
22,24 129.54 7.32dd 130.10 7.35dd 130.33
23 128.52 7.30t 129.37 717t 129.71
16 173.80 174.31 175.06
18 28.76 1.86 q 28.65 1.87q 28.76
19 9.86 0.94t 9.69 093t 9.88
C,0, 163.21

a) ax, axial; eq, equatorial; s, singlet; d, doublet; dd, double doublet; t, triplet; q, quadruplet; b, broad; m, multiplet; n.d., not determined.

piperidyl]-N-(1-phenyl-4-pyrazolyl)propanamide (2) combin-
ing different techniques such as 'H- and "C-NMR spec-
troscopy, theoretical calculations, and, in the case of the
monohydrate of the hydrochloride salt of 2, X-ray crystallog-
raphy.

Results and Discussion

'H- and 3C-NMR Spectroscopy Complete assignments
of 'H- and *C-NMR spectra of fentanyl (1), both as a free
base and as oxalate (1H™), are given in Table 1. These data
complete the partial data published previously in the litera-
ture.”’?? The 'H-NMR spectra, analyzed from 'H-'H shift-
correlation spectroscopy (COSY) and nuclear Overhauser
enhancement spectroscopy (NOESY) experiments provided
definite criteria for distinguishing axial and equatorial pro-
tons of the piperidine ring. Analysis of the *C-NMR spectra
was facilitated by the use of heteronuclear multiple-quantum
coherence (HMQC). As proposed by previous studies, our
NMR data suggest that the chair conformation of the piperi-
dine ring with the 4-anilido group in an equatorial position is
the preferred form in solution. The coupling pattern of H-7
and H-8 is consistent with a piperidine nitrogen inversion. A
comparative structural analysis between the base and the ox-
alate reveals strong similarity between the two, indicating
that in solution the protonation/deprotonation process is fast
in the NMR time scale. This allows the inversion process to
take place.

The assignments (chemical shifts, multiplicities, and cou-
pling constants) for protons and carbons of the oxalate salt of
fentanyl derivative (2) are reported in Table 2. The elemental
analysis of this compound (see Experimental) confirms that
although 2 has two basic centers, N1 and N21, it is a mono-
salt, HO,C—CO, 2H*. '"H-NMR evidence, coupled with the
BC-NMR data and results of 2D-NMR experiments (COSY,
NOESY, HMQC) clearly indicate a chair piperidine confor-
mation with the propanamide group in an equatorial position.

Table 2. 'H- and *C-NMR Chemical Shifts (ppm), and Coupling Con-
stants, Jy iy (Hz) for Fentanyl Derivative (2) in CDCI; at 20 °C

Oxalate 2
C, H No.
Oc Oy mult. H,H Jin
2, 6ax 52.97 2.76 bs 7,8 n.d.
eq 3.65 bs 18, 19 7.5
3,5 27.61 1.98 bm 10, 11 7.0
4 49.41 471 m 11,12 7.2
7 58.75 3.11m 26,27 7.7
8 30.77 292m 27,28 7.4
9 136.07 23,24 23
10, 14 128.86 7.07d
11,13 129.24 7.21dd
12 127.50 7.16 t
20 148.53
24 106.69 6.18d
23 129.14 7.87d
25 139.77
26, 30 119.68 7.57d
27,29 129.70 7.41 dd
28 127.58 7.26t
16 174.88
18 28.26 2.12q
19 9.62 0.98 t
C,0, 163.24

a) ax, axial; eq, equatorial; s, singlet; d, doublet; dd, double doublet; t, triplet; q,
quadruplet; b, broad; m, multiplet; n.d., not determined; bs, broad signal.

This conformation corresponds to that of fentanyl in solu-
tion.

Computer simulations provided further support for our as-
signments (see below). We have carried out GIAO/B3LYP/6-
31G* calculations**? on the bases 1 and 2 and their cations
1H* and 2H™, using the X-ray structures as starting geome-
tries for the optimization. As shown by the structures, the
protonation takes place on N1 and the proton occupies an
axial position (the phenethyl chain, C7—C8-Ph taking the
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equatorial orientation). It is possible to compare the effect
produced by the protonation (neutral fentanyl in CDCl, and
in CF;CO,H) to those reported in the literature for the proto-
nation of N-methylpiperidine:*>

Crystal Structure of Monohydrate Hydrochloride Salt
of 2 2H* CI” H,0) The asymmetric unit of the hydro-
chloride salt of 2 includes a water molecule, which plays an
important role in the crystal packing. The cation presents a
similar pattern of bond distances and angles (Table 3) to that
of the parent compound retrieved from the CSD? (CSD ref-
code: PEPCIT10)*” and only differs slightly in the confor-
mation of the common phenyl ring (Figs. 2a, 3a). Both sub-
stituents of the piperidine ring are arranged in equatorial po-
sitions, whereas the protonation occurs at the axial position
on N of this ring.

The crystal structure is characterized by macrorings
formed by two centrosymmetric cations [of approximate di-
mensions: N15---C(9—14; x,y,2z)=9.469 and N15---C(9—
14; 1—x, —y, —z)=10.881(2) A] interconnected via edge-to-
face H-bonds between the two phenyl groups (Fig. 2). The
large pore of the resulting ring accommodates pairs of anions
bridged by water molecules (Ow) in a R(8) dimer.***” Both
associations are held together by means of hydrogen bonds,
through a strong bond from the axial N—H of the piperidine
to the Cl anion and by weak C-H---Cl/Ow interactions

1H" (A TFA, effects > 0.20 ppm)

N
1 N 2 3 20—>18 HEC/
9 7 N__16 19 ¢

Chart 1
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(Table 3, Fig. 2). The structure, as a whole, can be described
as a system of layers (2D) perpendicular to a formed by
strands (1D) along ¢ (via C-H:-- ) and C—H---O=C bonds)
and connected along b by means of C—H:--Ow contacts (Fig.
4). Hence Ow and Cl anions are overall a double and quadru-
ple acceptor of hydrogen bonds. The glide of one macroring

(@)

Fig. 2. (a) Supramolecular (0D) Aggregate of the Monohydrate Hy-
drochloride of 2 Showing the Atomic Numbering

Displacement ellipsoids are at 30% probability level, dashed lines represent hydro-
gen bonds.

(b) A Perpendicular View Illustrating the Disposition of the Anion and the
Water Molecules in the Pore

Table 3. Selected Intra- and Intermolecular Parameters (A, °). C(9—14) and C(20—25) Represent the Centroids of the C9,--,C14 and C20,,C25 Phenyl

Rings
017-Cl16 1.221 (3) NI1-C2 1.497 (4)
N1-Cé6 1.496 (3) N1-C7 1.506 (3)
C4-N15 1.474 (3) CI6-N15 1363 (3)
C20-N15 1.421 (3) Cl---Cl(1—x,—y,—z) 4.992 (1)
C2-N1-C6 110.4 (2) C2-N1-C7 111.1(2)
C6-N1-C7 113.1(2) C4-N15-Cl6 119.1 (2)
C16-N15-C20 121.7 (2) C4-N15-C20 119.2 (2)
N21-N22-C23 112.0 (2) Cl---Olw---Cl(1—x, —y—2z) 100.4 (1)
N22-N21-C20 103.9 (2) Olw---Cl---Olw(1—x, —y—z) 79.6 (1)
C7-C8-C9-C10 —44.0 (3) C9-C8-C7-N1 176.0 (2)
C8-C7-N1-C2 —165.9 (2) C3-C4-N15-Cl6 —94.5(3)
C8-C7-N1-Cé6 69.3 (3) C3-C4-N15-C20 85.1(3)
C4-N15-C20-N21 —66.5(3) N21-N22-C25-C30 41.0 (3)
C4-N15-C16-C18 176.1 (2) N15-C16-C18-C19 —160.7 (2)
017-C16-N15-C20 176.4 (2)
Hydrogen interactions D-H H---A D---A D-H---A
NI-H1---Cl 0.99 (3) 2.14 (3) 3.041 (2) 176 (3)
Ow-Hlw---Cl 1.00 (4) 2.24 (4) 3.241(2) 178 (5)
Ow-H2w---Cl(1—x, —y, —z2) 0.99 (8) 2.25(8) 3.242 (4) 176 (6)
C29-H29---Olw 0.96 (4) 2.55(5) 3.436 (5) 153 (4)
C28-H28:--C(9—14)(1—x, —y, —z2) 0.97 (4) 2.61(5) 3.538(3) 159 (5)
C3-H3b---C(20—25)(x, y, 1 +2) 0.97 (4) 2.83 (4) 3.797 (4) 170 (3)
C8-H8b---Olw(x, 1+y, 1+2) 1.04 (4) 2.52(3) 3412 (4) 143 (3)
C23-H23---017(x,y, —1+2) 0.95 (4) 2.29 (4) 3.199 (4) 159 (2)
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with respect to the neighboring ones does not allow the for-
mation of channels, and hence pairs of anions bridged by
water are encapsulated in cavities which are quite near at ¢/2.
The layers are joined by van der Waals interactions. This
packing arrangement appears to correspond to a rather close
packing without voids and with a packing coefficient of
0.701.

The bond distances and angles in the R%(8) dimer and the
N*---Cl~ distance is in good agreement with the averaged re-
ported values*® % for organic structures. However, it is
noteworthy that the N*---Cl~ lengths are significantly shorter
than the reported average value®” for the (CCC)N*---Cl~
and the C1™---Cl~ distance of 4.992(1) A is at the lowest end
of the interchloride distance range for Cl™ ions bridged by a
water molecule.*®

The crystal structure of the citrate-toluene solvate of 1
(CSD refcode: PEPCIT10)?” presents a different hydrogen
bond pattern (Fig. 3). The supramolecular structure consists
of a continuous 1D framework built only from anions related
by a two-fold screw axis. Each cation is linked to this frame-
work by means of a hydrogen bond from the piperidine NH

(a)

JENPP S

o GO0

Fig. 3.

(a) Chain of the anions, related by two-fold axis, and linked by O-H---O hydrogen
bonds (dotted lines) to which the cations are bonded via N*H---O~ hydrogen interac-
tions (dashed lines). (b) A view of the chain as projected down the b axis.

Citrate Toluene Solvate of 1 (CSD Refcode: PEPCIT10)

Vol. 51, No. 8

to one O of the carboxylate group. The unit cell accommo-
dates two centrosymmetrical chains. No atomic coordinates
for the citrate of 1 (CSD refcode: FENCIT)?® are available.

Theoretical Calculations: Geometry and NMR Spec-
troscopy The geometries of fentanyl 1 and its cation 1H*
are very close to the X-ray geometries and very similar be-
tween each other: the axial protonation of N1 has little influ-
ence on the remaining molecular parameters (distances, bond
angles, and torsion angles). The same applies to the calcu-
lated and experimental geometries of cation 2H™*.

We have calculated, at the GIAO/B3LYP/6-31G* level,
the absolute shieldings, ¢ in ppm, of all atoms of 1, 1TH*
and 2H™. For the *C-NMR data, these o values have been
transformed into & values by relationship & (ppm)=
189.69 ppm—o (ppm), where 189.69 ppm is the value of
o(TMS) at the same level [6(TMS)=0 by definition].

The correlation between experimental and calculated
chemical shifts is excellent (the same equation holds for the
values of 1H* determined using the oxalate in CDCl, or the
free base in CF,CO,H):

&BCexp.=—(4.3+0.9)+(1.087£0.008)§'*Ccalc, n=51, r*=0.997 (1)

This confirms that the structures in solution are the same
as those calculated, these last ones being almost identical to
those determined by X-ray crystallography. The correlation
covers a range from the methyl groups at about 10 ppm to the
carbonyl ones near 175 ppm and that is partly responsible for
the good fit. If one looks at the protonation effects in the case
of fentanyl (A6=G61H*—§1, in ppm), the agreement is less

,
SRR
g
o ~o
Fig. 4. Packing Diagram of the Monohydrate Hydrochloride of 2 along
the a Axis Showing a Layer Formed by Two Strands (Three Macrorings on
Each) Running Along the ¢ Axis

Dotted lines represent the interactions between rings and between strands.
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satisfactory:

513Cprot(TFA)=—(0.560.23)+(0.37%0.06)8*Cprot(calc.),
n=16, r2=0.755 )

The plot shows that four signals are clearly different (C2,6,
C3,5, C7, C8). If these carbons are removed, then the correla-
tion improves considerably:

§'3Cprot(TFA)=(0.37+0.06)5"Cprot(calc.),
n=12, r*=0.977 (3)

And for the remaining four carbons:

83Cprot(TFA)=—(1.98=0.05)+(0.45%0.02)5"Cprot(calc.),
n=4, r2=0.995 )

To put together all the signals, a dummy variable must be
added (1 for C2,6, C3,5, C7, and C8 and 0 for the other 12
carbons):

83Cprot(TFA)=(0.38+0.02)5"*Cprot(calc.)— (2.00+0.13)dummy,
n=16,r*=0.983 (5)

From these equations it can be concluded: 1) GIAO calcu-
lations overestimate the experimental protonation effects
(they must be multiplied by about 0.4); 2) the calculations re-
produce the sign and the order of magnitude of the experi-
mental values; and 3) the four carbons that behave differently
are the o and B carbons with regard to the protonation site,
but it is like that the calculation cannot reproduce these prox-
imity effects adequately.

Experimental

Synthesis Compounds 1 and 2 were synthesized as previously de-
scribed.>® Free base 1: mp 69 °C; oxalate 1: mp 188 °C; free base 2: mp
75—78°C; oxalate 2: mp 182°C. Anal. (oxalate 2) Caled for
C,sH;N,O-C,H,0,: C, 65.84; H, 6.55; N, 11.37. Found C, 65.59; H, 6.55;
N, 11.26.

'H- and C-NMR Spectroscopy The NMR study was carried out with
a Varian Unity 500 spectrometer operated at 499.9 MHz ('H), 125.7 MHz
(*3C). For 'H and "*C nuclei an inverse H-X detection probe equipped with
gradients was used.

X-Ray Crystallography A colorless crystal of monohydrate hydrochlo-
ride salt with 0.33X0.33X0.50 mm was selected for the X-ray analysis. Se-
lected structural details are listed in Table 4. The structure was solved by di-
rect methods (Sir97)°) and the refinement process®® was carried out on Fo.
All hydrogen atoms were located on difference Fourier maps and most were
refined isotropically. The final atomic coordinates, thermal displacement pa-

Table 4. Crystal Data and Structure Refinement Parameters for Monohy-
drate Hydrochloride of 2

Formula CysH;;N,0"-Cl"-H,0
Formula weight 457.02
Crystal system Triclinic
Space group P-1

alA 17.0224 (15)
b/A 9.7519 (14)
c/A 8.7306 (11)
of° 119.082 (11)
Br 95.401 (18)
y/° 93.643 (15)
Z 2

T/K 295

Dc/g em™® 1.213
u/mm™! 1.568
Independent reflections 4093
Observed reflections (/>20(1)) 3124

R 0.043

WR 0.050

a) Full crystallographic data (CCDC 197014).

933

rameters, and geometric details were deposited with the Cambridge Crystal-
lographic Data Centre (CCDC 197014).

Theoretical Calculations The structure of the neutral and protonated
forms of fentanyl have been fully optimized with the B3LYP method and the
6-31G* basis set using as a starting point the geometry found in X-ray crys-
tallography. No significant changes were found between the X-ray structure
and the calculated one. The theoretical NMR shieldings have been calcu-
lated using the GIAO**» method at the same level used for the geometry
optimization.
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