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Abstract

Two novel nonlinear optical isomorphous crystals of proline derivatives with alkyne functionality have been obtained (Boc-
L-ProNH(CH,),CCH and Boc-cis-4-fluoro-L-ProNH(CH,),CCH). Both derivatives, which differ only by the substitution
of a H atom to a F atom, adopt the same polar and columnar right-handed helix arrangement in the crystalline state. In addi-
tion, adjacent polar helical columns all point in the same direction, thus generating a macrodipole and a crystalline system
conducive for second harmonic generation (SHG) properties. This isomorphous crystal system constitutes an interesting
tool to study the effect of the fluorine atom on the dipole moment and on the first hyperpolarizability. Starting from the PBC
optimized geometries of the crystals, the macroscopic second-order nonlinearity, X(Z), of the newly synthesized crystals
has been estimated by quantum chemical calculations. These X(z) responses are of the same order of magnitude as those of
inorganic proline derivatives while smaller than those observed in crystals of push—pull t-conjugated molecules.

Graphic Abstract

E

Polor and helical
erystal structures Computational

T

Keywords NLO polar crystals - Proline - Second harmonic generation

1 Introduction

A better understanding of the structure—property relation-
ship is central in the process of designing new materials.
D4 Pierre Baillargeon In the search of materials exhibiting improved nonlin-

Pierre baillargeon @cegepsherbrooke.qc.ca ear optical (NLO) properties, the link between the first
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hyperpolarizability () rising at the molecular level and the
emerging macroscopic property is not wholly understood.
Thanks to their detailed molecular organization, crystals
offer a great opportunity to address a better comprehension
of such connexion and consequently to provide a rational
design approach [1-4]. Comparable approach has been
performed by two of us in crystal derivatives of (S)-2-(a-
methylbenzylamino)-5-nitropyridine (MBANP). It has been
shown that the second-order NLO response changes substan-
tially as a function of the substitution of the 2-amino-5-nitro-
pyridine unit by one methyl group, owing to effects on the
molecular geometry, to the in-crystal polarizing field, and
to the type of packing in the crystal structure [5]. Among
potential candidates, isomorphous crystal derivatives pro-
vide also very interesting opportunities to better grasp the
structure-properties relationship as small molecular changes
have great impact on NLO properties [6]. We propose in

Fig. 1 Structure of new proline )
derivatives BocProyne-H and \
BocProyne-4F ‘

Boc-L-ProNH(CH,),CCH
(BocProyne-H)

this study to combine synthesis of isomorphous amino acid
crystals derivatives with quantum chemical calculations to
better understand the impact of adding a non-aromatic elec-
tronegative atom like fluorine on NLO properties.

Among NLO properties the second harmonic generation
(SHG) is certainly the most studied property. Designing
organic materials with highest SHG activities is thus a very
active research area [7]. Among polar crystals with their
intrinsic asymmetry, natural amino acids offer very interest-
ing avenues to explore as they are homochiral. Indeed, non-
centrosymmetry is a condition sine qua non to achieve sec-
ond-order NLO responses [8]. Moreover, most of them are
transparent, and can be easily tunable. Despite its potential,
and contrary to proline salts and proline based semiorganic
compounds [9-11], purely organic proline derivatives were
not greatly studied for their ability to exhibit second-order
NLO responses [12]. Proline presents a rigid core which

N
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Boc-cis-4-fluoro-L-ProNH(CH,),CCH
(BocProyne-4F)
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Scheme 1 Synthesis of BocProyne-H and BocProyne-4F
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tends to limit the number of available conformations and
leads in nature to helical structure such as collagen whose
symmetry of the supramolecular structure is compatible
with efficient SHG response [13—16]. Nevertheless, besides
molecules such as substituted helicenes and helicene-like
compounds [17, 18] and other oligomeric helical strands
[19, 20], obtaining polar material structure with a helical
structure remains difficult to achieve [21]. In this study, we
propose the synthesis and computational characterization of
two novel proline derivatives which yield polar and helical
isomorphous crystals. The two studied proline derivatives
are Boc-L-ProNH(CH,),CCH and Boc-cis-4-fluoro-L-
ProNH(CH,),CCH that will be designed all along the text
by BocProyne-H and BocProyne-4F, respectively (Fig. 1).
They differ only by the presence of a fluorine atom in the
pyrrolidine ring. Both derivatives adopt the same colum-
nar right-handed helix arrangement in the crystalline state
(isomorphism). They thus both lead to strong macrodipoles
and to SHG response according to our calculations. To
the best of our knowledge, these crystals contain the first

Table 1 Crystallographic data for BocProyne-H and BocProyne-4F

BocProyne-H BocProyne-4F

CCDC 2001538 2001567
Deposition number

Formula C4H,,N,04 C,4H,,FN,0,
MW/g mol ™! 266.34 284.33
Crystal system Hexagonal Hexagonal
Space group P 6l P61

alA 9.7191(4) 9.7399(2)
biA 9.7191(4) 9.7400
/A 29.2097(13) 29.0794(5)
o/deg 90 90

pldeg 90 90

y/deg 120 120

VIA? 2389.52(18) 2389.07(6)
Z 6 6

Peardg cm™> 1111 1.186
meas. reflns 12,199 13,345

ind. reflns 2547 2685

Rin 0.0416 0.0446

R, [I>20(])] 0.0350 0.0309
WR, [1>2 o(])] 0.0894 0.0728
GoF 1.015 1.027
Schonflies notation Cé

Hall P6,

Space group number 169

Point symmetry Enantiomorphic polar

Space group frequency ~ 0.06%
[32] (CSD 1 January

2021)

non-aromatic fluoro crystalline derivative that exhibit non-
zero second-order NLO response.

2 Results and Discussion
2.1 Synthesis

BocProyne-H was obtained in a straightforward and effi-
cient manner from commercially available N-Boc-L-Pro-
OSu and but-3-yn-1-amine (Scheme 1). BocProyne-4F
was obtained from commercial N-Boc-cis-4-fluoro-L-Pro,
but-3-yn-1-amine, DIPEA and HBTU has coupling agent.

2.2 Crystallographic Studies
2.2.1 BocProyne-H

Crystallographic data of BocProyne-H, are reported in
Table 1. Crystallographic structures reveal that BocProyne-
H adopts a conformation in which the main polar functional
groups, mainly the amide and carbamate carbonyls, are ori-
ented approximately in the same direction (Fig. 2a). Com-
putations yield a dipole of 7.4 Debye. The conformation of
the pyrrolidine ring is the C¥-endo conformation (Fig. 2b),
where the CY atom and the carbonyl group are found in
the same side of the plane possessing the other atoms of
the ring [22, 23]. There are two types of hydrogen bonds
(Fig. 2¢). The strongest hydrogen bond is found between
amide groups, NH:--O=C. It mainly stabilizes the columnar
1D architecture into an infinite parallel amide chain where
cooperativity effects occur [24]. The resulting right-handed
helix is composed of 6 units per helical turn and a pitch of
29.21 A/turn (Fig. 2d) [25]. Right-handed helix can be found
in several biological molecules such as collagen, polyproline
type I (PPI), a-helix, 3, helix, = helix, and in the double
helical structure of the A and B forms of DNA [26]. The sec-
ond hydrogen bond (CH::-O=C) occurs between an alkyne
function and a carbamate group of a molecule in the adjacent
1D column (Fig. 2¢ and 2d). Though weaker than the previ-
ous one, this nonconventional interaction is still considered
as an hydrogen bond since the CH:--O distance, 2.310 10\, is
shorter than the sum of their VDW radii, 2.61 A and the
three atoms are almost aligned (CH:--O angle =166.50°) [27,
28]. It results in 3D polar crystal assembly [29-31]. The
whole crystal lattice is shown in Figs. 2d and 2e, revealing
the anisotropic organization in which all the carbonyl groups
point nearly in the same direction along the ¢ axis. Such
arrangement of adjacent polar helical columns, or screw
axes, lead to a macroscopic dipole.

@ Springer
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Fig.2 a Orientation of single-molecule BocProyne-H carbonyls;
b pyrrolidine ring Crystal structure conformation of BocProyne-
H; ¢ main hydrogen bonds inside a 1D column (NH:--O=C) and
between column (CHO=C); d profile view of two adjacent right-

2.2.2 BocProyne-4F

Crystallographic data of BocProyne-4F are reported in
Table 1. They are compared with those of BocProyne-H.
The two structures present the same group space. Moreover,
the axis units differ by 0.2% for the a and b lattice param-
eters, and by 0.4% for the c unit cell. Finally, considering

@ Springer

handed helix (6 units per turn) with the same macrodipole orienta-
tion (H bond are represented as dotted lines and the alkyne bonds are
designed according the spacefilled model; e cell axes of BocProyne-
H along the c axis (top view of 4 columns)

the fact both structures also possess the same polar helical
molecular organization, these two crystals are thus isomor-
phous. The presence of the fluorine atom in BocProyne-
4F (Fig. 3a) affords a stronger dipole than in the case of
BocProyne-H (Fig. 2a). Indeed, in an approximate way, the
carbamate, amide, and also the C-F dipoles add up (Fig. 3b)
to generate an electric dipole moment of 8.7 D, as evaluated
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Polar helical
'y 1D column

Adjacent polar
helical 1D column

Fig.3 a Orientation of single-molecule BocProyne-4F carbon-
yls and C-F bond; b pyrrolidine ring Crystal structure conforma-
tion of BocProyne-4F; ¢ main hydrogen bonds inside a 1D column
(NH:---O=C) and between column (CHO=C); d profile view of two

from MP2/6-311 + + G(d,p) calculations. A slight differ-
ence can be found between the two crystal structures: the
pitch in BocProyne-4F is 29.079 A/turn (Fig. 3d), while
it is 29.21 A/turn for BocProyne-H (Fig. 2d). It originates
from the shorter hydrogen bond NH::-O=C for the former
compound, 2.058 A (Fig. 3c), comparatively to 2.070 A for
the latter structure (Fig. 2c).

29.08 A/turn

adjacent right-handed helix (6 units per turn) with the same mac-
rodipole orientation (H bond are represented as dotted lines and the
alkyne bonds are designed according the spacefilled model; e cell
axes of BocProyne-4F along the c axis (top view of 4 columns)

2.3 Multiscale Numerical Simulation (SHG
Response)

Starting from the PBC optimized geometries of the crys-
tals, the dipole moment (p) and first hyperpolarizabil-
ity (B) of BocProyne-H and BocProyne-4F have been
evaluated in their crystal field, as described by the PBC/

@ Springer
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Table2 In-crystal dipole moment (D), polarizability (a.u.,
A=1064 nm), and first hyperpolarizability (a.u., A=1064 nm) vecto-
rial/tensorial components for BocProyne-H and BocProyne-4F mol-
ecules as well as their norm and the angle (deg.) between them

BocProyne-H BocProyne-4F

e 239 -238
Hy 3.50 1.63

W, 6.08 8.18

M 741 (5.14) 8.67 (5.71)
a 182.4 182.4

B, 49 - 14

B, 140 193

B, -21 -55

B 150 (144) 201 (185)
2 P) 78 (104) 93 (113)

The values are reported in the ab’c frame. a=1/3 Z; o
Bi=1/5 % (By;+2 Pjy)- Values in parentheses have been obtained

without the crystal field

Mulliken charges. They have been compared to the cor-
responding responses in the same geometries but with-
out the crystal polarizing field (Table 2). Without crystal
field, substitution by F atoms leads to an increase of the

Fig.4 DrawMol [36] USR
representation of the first
hyperpolarizability tensor

of BocProyne-H (left) and
BocProyne-4F (right). The
calculations were performed by
using the crystal geometry but
without the crystal field

dipole moment by 11% (5.14 D—5.71 D) and a stronger
increase (28%: 144 au — 185 au) of the norm of the vecto-
rial invariant of the first hyperpolarizability tensor. This
increase of  amplitude is accompanied by an increase of
the angle between the p and p vectors, from 104° to 113°.
The in-crystal field enhances the amplitudes of both the
dipole moment (by 40-50%) and first hyperpolarizability
(by 6-9%) while the (p, p) angle is reduced. This large p
increase agrees with the observations and analyses due
to Spackman et al. [33]. Further analysis of the p tensor
reveals that its dipolar character increases with the F sub-
stitution. This dipolar character is evidenced by resorting
to the unit sphere representation (USR), initially proposed
by Tuer et al. [34], as shown in Fig. 4. The USR patterns
show a preferential direction of hyperpolarization, which
is typical of dipolar responses. In the case of dominat-
ing dipolar response, the major nonlinear induced dipoles
are oriented from the acceptor to the donor moieties of
the molecule. On the other hand, the average molecular
polarizability is equal to 182.4 a.u. (A=1064 nm) for both
compounds, demonstrating the negligible impact of the F
substitution on the linear response. This very small differ-
ence can certainly find its origin in the very small average

Table 3 Linear susceptibility,

refractive index, and second- Anm X 1(11) X ;;) ™ "3 4 ﬁ)s X 5?3
e iy e
BocProyne-4F as obtained © 1.147 1.245 1.465 1.498 0.2 -1.6
from the two-step approach 1064 1.161 1.261 1.470 1.504 0.2 2.1
532 1.203 1.311 1.484 1.520
BocProyne-F
© 1.146 1.243 1.465 1.498 0.1 -1.6
1064 1.160 1.258 1.470 1.503 0.1 2.1
532 1.202 1.307 1.484 1.519

@ Springer
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polarizability difference between H, (6.2 a.u.) and HF (6.4
a.u.) [35].

From these molecular properties, the crystal linear and
nonlinear optical responses were evaluated (Table 3) at
representative wavelengths as well as in the static limit.
Though the molecular second-order NLO responses are
larger for the F-containing species, this substitution effect
translates to only a very tiny increase of the dominant X(z)
tensor component: )(%(?3 of c.a. 1% (2.07 to 2.09 pm/V). An
additional effect observed for X(z) tensor is the improved
contrast between the main ( )((?3) and secondary components
( )(ﬁ)3= ;(53)3). These SHG 2 values are 2-3 times larger
than those observed for KDP at 1064 nm (0.78 pm, [37]).
For comparison, it was observed that the SHG efficiencies
of inorganic proline crystals range between 50 and 250% of
those of KDP, as reported from Kurtz-Perry powder SHG
measurements [38, 39]. Yet, the comparison between X(Z)
amplitudes and Kurtz-Perry SHG efficiencies is not straight-
forward because these efficiencies do not only depend on the
XQ) amplitudes but also on the grain size distribution, on the
refractive indices, and on phase-matchable interactions. On
the other hand, these SHG X(z) responses are much smaller
than those observed in crystals of push—pull n-conjugated
molecules like 2-methyl-4-nitroaniline (MNA) [40].

3 Experimental Section
3.1 Synthesis
3.1.1 BocProyne-H

To a solution of N-£-Boc-L-proline-N-hydroxysuccinimide
ester (N-Boc-L-Pro-OSu, 2.052 g, 6.57 mmol) in dichlo-
romethane (DCM, 15 mL) at 0 °C were added 1-amino-
3-butyne (500 mg, 7.24 mmol), 4-DiMethylAminoPyri-
dine (DMAP, 13 mg, 0.11 mmol) and potassium carbonate
(K,CO;, 818 mg, 5.92 mmol). The reaction mixture was
stirred under an argon atmosphere for three days at room
temperature. DCM (25 mL) was added and the resulting
mixture was washed with water (225 mL). The organic
layer is filtered through a funnel with a small cotton plug
and the solvent was removed under reduced pressure. The
residue was purified by flash chromatography on silica gel
eluting with diethyl ether to yield BocProyne-H as a light
yellowish oil (1.740 g, 99%).

R;=0,34 (ether/Hex 90:10); IR (v cm™) 3307, 3243,
3094, 2974, 2933, 2869, 2119, 1678, 1657, 1557, 1401,
1364, 1250, 1159, 1122, 724, 662; 'H NMR (300 MHz,
CDCl;, 8 ppm) 7.14 (br, 0.5H), 6.40 (br, 0.5H), 4.37-4.17
(m, 1H), 3.57-3.28 (m, 4H), 2.49-2.28 (m, 2H), 2.23-2.03
(m, 1H), 2.02-1.95 (m, 1H), 1.94-1.75 (m, 3H), 1.46 (s,

9H); HRMS (m/z): caled for C,,H,,N,0;Na [MNa*]:
289.1523; found 289.1525.

3.1.2 BocProyne-4F

To a solution of N-Boc-cis-4-fluoro-L-Proline (235 mg,
1.0 mmol) and N-DilsoPropylEthylAmine (DIPEA, 600
puL, 3.4 mmol) in dichloromethane (DCM, 10 mL) were
added 1-amino-3-butyne (76 mg, 1.1 mmol) and Hexafluo-
rophosphate Benzotriazole Tetramethyl Uronium (HBTU,
418 mg, 1.1 mmol). The mixture was heated under reflux
for 1 h and the solvent was removed under reduced pres-
sure. The residue was purified by flash chromatography on
silica gel eluting with diethyl ether to yield the title product
BocProyne-4F as an oil (121 mg, 42%).

R;=0.21 (100% ether); IR (v cm™') 3307, 2932, 2119,
1703, 1642, 1505, 1379, 1142; "H NMR (300 MHz, CDCl,,
d ppm): 5.25 (br, 0.5H), 5.08 (br, 0.5H), 4.42-4.31 (m,
1H), 3.95-3.60 (m, 3H), 3.50-3.30 (m, 2H), 2.55 (br, 1H),
2.40-2.30 (m, 2H), 2.24-2.20 (m, 1H), 1.99-1.90 (m, 1H),
1.45 (s, 9H); HRMS (m/z): calcd for C,,H,,FN,O, (MH*):
285.1609; found 285.1614.

3.2 Crystallizations

BocProyne-H crystallized from an antisolvent recrystalliza-
tion technique. Pentane antisolvent vapor diffusion induced
crystallization of a solution of the BocProyne-H in CHCl,.
Colorless crystals of BocProyne-H, suitable for X-ray analy-
sis were obtained. A Needle-like specimen of C,,H,,N,05,
approximate dimensions 0.290 mm X 0.290 mm X 0.620 mm,
was used for the X-ray crystallographic analysis.

A small crystal (seed) of the BocProyne-H is dipped
into a solution of the BocProyne-4F in acetone/CHCIl,/
Hexane that was left to stand in a small vial at room tem-
perature for several days. Colorless crystals of BocProyne-
4F, suitable for X-ray analysis were obtained. A Needle-
like specimen of C;,H,,FN,0;, approximate dimensions
0.080 mm x 0.090 mm x 0.660 mm, was used for the X-ray
crystallographic analysis.

3.3 X-ray Crystallography

The X-ray intensity data were measured on a Bruker Apex
DUO system equipped with a Cu Ka ImuS micro—focus
source with MX optics (A=1.54178 A for BocProyne-H
and A=1.54186 A for BocProyne-4F). The frames were
integrated with the Bruker SAINT software package using
a wide-frame algorithm. Data were corrected for absorp-
tion effects using the multi-scan method (SADABS). The
structure was solved and refined using the Bruker SHELXTL
Software Package, using the space group P 61, with Z=6

@ Springer
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for the formula unit. Crystallographic data are presented in
Table 1.

3.4 Computational Details

Using the single crystal X-ray diffraction data as starting
point, the geometries of the crystals have been fully opti-
mized using periodic boundary conditions (PBC), density
functional theory (DFT) with the B3LYP exchange—correla-
tion functional, and the 6-31G(d,p) basis set, as implemented
in the CRYSTALOQ9 package [41]. Only the fractional coor-
dinates were optimized while the cell parameters were kept
frozen to their experimental values. This step is necessary
because the accuracy on the H atom coordinates is not suf-
ficient. Following recent works [42], this is an efficient pro-
cedure to optimize the geometries of crystal. These PBC
calculations were carried out by considering the standard
parameters of CRYSTALOQ9 [a pruned integration grid with
75 radial points and 974 angular points, truncation criteria
for the two-electron integrals setto 777 7 21 (TOLINTEG
keyword), the Pack—Monkhorst shrinking factor was set to
6, the SCF convergence on the total energy was fixed at 10~/
a.u., the criteria for the RMS deviations of the gradients and
the displacements were set to 3x 10~ a.u. and 12x 10 a.u.,
respectively, while the maximum values of the gradients and
displacements were fixed to 4.5x 10 a.u. and 18x 10 a.u.,
respectively.].

The tensor components of the linear [X(U] and second-
order NLO [X(z)] susceptibilities were evaluated using a
multiscale approach that some of us have recently developed
[43—45]. This method combines 1°) first principles calcula-
tions of the molecular properties (the polarizability (a) and
the first hyperpolarizability (B)) with 2°) classical electro-
static interactions schemes to account for the crystal environ-
ment effects. In step 1°) the crystal dressing or polarization
field effects are simulated by the point charges evaluated
in the PBC calculations. To enact step 2°) and evaluate the
local field effects, the molecular o and 3 tensor components
are partitioned evenly on the non-hydrogen atoms. In step
1°), following the analysis of the convergence of the electric
field amplitude as a function of the sphere radius [43] the
charged surrounding is a sphere of R =100 A centered on
the target molecule.

Following previous works, the dipole moment was deter-
mined at the MP2/6-311++ G(d,p) level of approxima-
tion while the other molecular properties (a and ) were
obtained by combining their static values evaluated at the
same level of approximation and their frequency dispersion
estimated using the time-dependent B3LYP/6-311 + G(d,p)
method. These molecular property calculations were car-
ried out using the GAUSSIANO9 package. To describe the
B responses, they have been visualized by employing the
unit sphere representation, initially proposed by Tuer et al.

@ Springer

[34]. It consists first (i) in computing an effective induced
dipole moment:

Hig =P E*(6, $)

where the tensor nature of f is evidenced. E(G, ¢)is a
unit vector of electric field, of which the polarization direc-
tion is defined in spherical coordinates (6 and ¢ angles)
and (ii) in representing all the induced dipole moments on
a sphere centered on the center of mass of the compound.
This enables highlighting the directions where the second-
order polarization is the strongest and its orientation (the
acceptor—donor direction). These USR were plotted using
the DrawMol package [36]. The X(l) and X(2) tensor com-
ponents are reported in the abc* orthogonal reference frame
(indices 1, 2, and 3). The refractive indices (n) satisfy the
n?=¢ relation. The performance of this method has been
substantiated in previous works where the calculated values
are compared to experiment [46]. Only the non-zero, non-
equivalent tensor components are reported.

3.5 Accession Codes

CCDC databank contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting
The Cambridge Crystallographic Data Centre, 12, Union
Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

4 Conclusion

Over the non-centrosymmetric crystal classes, only five
crystal classes—1, 2, 3, 4, and 6—exhibit chiral and polar
symmetry, which could have piezoelectric, ferroelectric as
well as pyroelectric properties [47]. We have reported here
the synthesis, single crystal structures, and simulation, of
two new proline derivatives that exhibit this type of sym-
metry (in our case, the scarce space group number: 169).
Our new crystals show interesting features. As the two pro-
line derivatives differ in nature only from an atom (H vs F),
both crystals successfully crystallized in a similar molecular
arrangement, yielding isomorphous crystals that could be
compared with respect to their nonlinear structure—property
relationship. The calculations show that the increase of the
molecular response is not translated to the bulk properties
and accounts only for a slight directionality improvement of
the NLO response for the F-containing species. Neverthe-
less, our study paves the way for the development of SHG
active crystals from isomorphous proline derivatives with
various substituent at the y position.
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