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Abstract:

This manuscript reports X-Ray and IR characterreti of representative pyridinium
phenolates, model compounds for nonlinear optickes& analyses reveal the close
dependence existing between molecular structure taedcontribution of quinone and
zwitterionic limiting forms. The bond length alternation (BLA) luas, the well-known
parameter correlated to hyperpolarisabififyare also discussed and compared with literature

data.



1- Introduction

[1-conjugated derivatives that possess an electrordgroup at one end and an electron
attracting group at another end, usually calledhgudl compounds have attracted much
attention because of their interesting optical praps, as well as the opportunity they give
for a fundamental understanding of the interactimiween these compounds and light.
Among push-pull molecules, the biphenyl derivatipessent a special enticement due to the
ability of phenyl rings to rotate around intercgdtiond. The variation of twist angle induces a
modulation of the charge transfer between the twamatic parts of the molecule in the
particular case of biphenyls with a zwitterioni@cddcter, that is, for molecules with a ground
state dominated by a charge separated resonamee tdheir interaryl twist angle is readily
tuned by introducing sterically hindered substitsemt ortho-ortho’ positions of the
intercyclic bond.

A particular attention has been paid to pyridiniphrenolates as model structure of twisted
intramolecular charge transfer molecules, thainispther word TICTOID ™ their ground
state geometry being represented as a linear caidoin of zwitterionic and quinoid
resonance structures (Schemé®ty.

In the present manuscript, the solid-state strestetucidated by X-ray diffraction analysis of
representative pyridinium phenolates and some aof #ymthetic precursors, as well as IR
analysis, are reported. Furthermore, we study #ygendence existing between molecular
structure and contribution of the two limiting fasmelated to the two pyridinium phenolates

series.
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Scheme 1: Limiting forms (zwitterion and quinone).

2- Discussion

We have earlier reported the synthesis of two fyidh phenolate seriesa-f and 2a-e
(Scheme 2) sterically crowded by alkyl substitueitsrtho positions of the interaryl borid:
¥ The two synthetic pathways used are quite simarvever, in the particular case d-f,

the last two steps were thi-alkylation of pyridinyl phenols3a-f and the cautious

deprotonation ofla-f.
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Scheme 2: Compoundda-f, 2a-e, 3a-f and4a-f.



The low solubilities ofla-f have prevented their non-linear optical (NLO) cl#eezations?
However, the introduction of bulkyert-butyl groups atortho position of the phenolate
function reduces the formation of aggregates agwifstantly enhanced the solubilities 2d-

e. Experimental measurements of NLO propertieaedl with twist angle achieving 50° have
confirmed the predicted enhancement in quadrasicaiese with the raise of twist andfe.

It is worth recalling here that many theoreticaldi¢s, as well as experimental measurements
concerning the optical properties of various pyridim phenolates, have been conducted
since the early 90's. In particular, sustainedreffbave been exerted to design chromophores
with ever-stronger NLO response$§.® '3 22Recently, the synthesis Bfand6 crowed by
four methyl groups abrtho-ortho’ positions of the intercyclic bond was achievedhuoe
3).*13 Unfortunately, the too low solubility & makes its NLO characterization impossible.
6 possesses a strong electron accepting dinitriletitum and exhibits hyperpolarizabilities
that are an order of magnitude above the best eirig conventional chromophores to date.
Exaltation of NLO response is attributed to theeiptay of three configurations, which
include, beside the neutral and the zwitterioniom®, a biradical one. Unfortunately, the
large dipole moments of these derivatiBeand6 lead to high aggregation propensities. Their
biradical character compromises their chemical ktplaind as a consequence seriously limits

their use in integrated optical devices.
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Scheme 3: Marks'’s group derivatives:



2.1- X-ray results
The X-ray structures of compounBsand6 as well as those of their synthetic intermediates
have been publishéd™ Thus, the comparison of the structure of someuofimtermediates
and pyridinium phenolates with those of Marks’s gragiof great interest in order to evaluate

the structural changes induced by the torsion hedlifferent functionalities anchored on the

molecule backbones.



Line compounds Bl B2 B3 B4 B5 B6 B7 C-O ® ©Y BLA” BLA’
1 3e 1.335 1.379 1.390 1.490 1.397 1.390 1.387 1.364 5 81.
2 3f 1.332 1.385 1.385 1.496 1.403 1.4015 1.393 1379 76
3 7 1.331 1.391 1.401 1.493 1.401 1.390 1.393 1.358 7 85.
4 4a 1.445 1.364 1.396 1.472 1.395 1.388 1.386 1.363 9 23.
5 4c 1.342 1365 1.399 1.481 1.404 1390 1.385 1.363 55
6 ad 1.335 1.381 1.390 1.490 1.405 1.397 1.386 1.374 4 75.
7 8 1.338  1.383 1.396 1.497 1.400 1.392 1.391 1.364 1 86.
8 la 1.350 1.369 1.409 1.457 1.411 1377 1421 1262 57 0.039 0.013
9 1a° 1.385 1.366 1.447 1.379 1.449 1.448 1.467 1.243 0.057
10 1a% 1.375 1.361 1.446 1.411 1.443 1.362 1.464 1.244
11 1a° 1.375 1.359 1.445 1.408 1.444 1359 1.466 1.234 0.093 0.076
12 59 1.368 1.372 1.446 1.442 1450 1.371 1.454 1.246 9156 0.079  0.055
13 5" 1.345 1.383 1.402 1.489 1.406 1.387 1.411 1.312 9 86. 0.021 -0.013
14 69 1.339 1.377 1.406 1501 1.406 1.388 1.401 0.019 0.016
1.3445 1.380 1.404 1.492 1.405 1.3825 1.401
15 2a 1.353 1.356 1.424 1.429 1419 1365 1.462 1.262 0 11. 0.073 0.052
16 2 1.410 1.257 12
(1.380) (1.244) (0)

17 2b 1.352 1.363 1.408 1.446 1.402 1.370 1.457 1.267 9 28. 0.054 0.029

h) 1.423 1.261 35
18 (1.384) (1.245) (23)




@ Calculated angles in solution (in gas phase).

P BLA = [(B3-B2)+(B5-B6)+(B7-B6)]/3 (referencd.

® Calculated values.

9 Calculated valueS.

®) Calculated value®.

" 5 crystallized with Nal. Experimental valu&s™

9 Experimental values. There are two independenecutés o in the unit celt* 3
" Calculated values in GIEN™ (or in gas phase).

) BLA = [(B3-B2)+(B5-B4)+(B7-B6)]/3 (this work).

Table 1: Average of bond lengths (A), twist angle (°) frotrFRay analysis (present work) or literature val@@sperimental or theoretical) and
bond length alternation values (BLA) of twistedipymium phenolates studied. All theoretical valaesl their corresponding BLA are in italics.



As expected, the X-ray structures3gand 3f clearly indicate a classic aromatic framework
(Table 1). Their ORTEP ( Oak Ridge Thermal Elligs®&ilot) representations are shown in
Table 2. All aromatic bonds are of similar lengtusd the distance of intercyclic bond

(around 1.49 A) matches with this of biphenyl (554).%° The two aryl moieties are twisted

out of plane. The angle values are, respectivebaktp 81.5° and 76°. All these structural
featuresexcept for dihedral angle, are very close to thaisgé precursor ob (Table 1, entry

3).
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Table2: ORTEP diagram of compoun@s,f, 4a-d and2a-b.

The architecture of biaryliodide salta, 4c and4d also respect an aromatic biaryl framework.
Once again, the same structural data can be dreswmm the X-ray structure of Marks®
intermediate (Table 1, entries 4-7).

The X-ray analysis of the two series of pyridiniuphenolates must be considered
independently. Compounds, 5 and6 crystallize in a monoclinic crystal systef@ with two
molecules of water6 with molecules of water and aceto®eas complexes with Nal units.
The strong affinity of Nawith the phenolate oxygen atom 6fleads to a head to head

arrangement of two molecules linked by a*Nzation. The crystal packing of this



chromophores consists in a centosymmetric diméwofdimeric complexes linked between
two neighbouring pyridinium phenolates from eachmptexes arrayed in an antiparallel
fashion'® This last feature together with the presence lmjdrogen bond between water and
charged oxygen atom @& or the charged carbon of malonodinitrile moiety6 promotes the
zwitterionic forms, as shown in our solvatochromistodies dealing with compounga-e.*’

On the other hand?a and 2b crystallize in orthorhombic crystal system witharty co-
crystallized molecule or cation.

All experimental intercyclic bonds and C-O distasoé compound4a, 2a, and2b (Table 1,
entries 8, 15, 17are slightly shorter than those of pyridinyl phenahd pyridinyl phenol
salts (Table 1, entries 1-7). However, it shoulddspecially noted that these bonds are
shorter than typical simple intercyclic biphenyl4@8®°) and C-O bonds, and longer than
C=0 quinone double bonds (1.2294 It is probably a result of the contribution afigone
limiting form to ground state. However, these bdedgthsincrease as the twist angle
increases displaying the lessening of the conjagaths a result5 respectively6, whose
positive and negative charges are properly locdliae pyridinium nitrogen and either on
phenolate or on the charged carbon of malonodmitmoiety, exhibit significantly less
qguinoidal character thaka respectively2a.

Calculated aromatic bond lengths hf are alternately shorter or longe? ' than those
derived from X-ray analysis (Table 1, entries 8:1Bpsides, the intercyclic and C-O
calculated bond lengths are all underestimatedcatitig the too large contribution of the
quinone limiting form in calculations. Such an uresgimation of calculated bond lengths is
depicted for compoundsand2a-b (entries 12-13 and 15-18).'° Nevertheless, twist angles
existing between the two aromatic rings2sfb match well with those obtained by semi-

empirical measurement (entries 15-18).



2.2-Discussion about bond length alternation (BLA)
The fact, that quadratic hyperpolarisabilify has been correlated to the bond length
alternation (BLA) parametéef;*! prompted us to investigate it for representativdemdes
reported in Table 1. BLA is defined as the averbgeyth differences between single and
double bonds in polyene chains. Thus, in the céd$2-0A molecules, BLA is positive for
neutral form, zero for the cyanine limit structamed negative for the zwitterionic contributor.
It should be noted that some authors adopt the sifgpoonventiori? Interestingly, it was
recently shown that the sign of BLA could be ineetsas the length of polyene chain
increased?
Our main objective is to determine to what exteéhd torsion angle could modify the
structure. However, we first should pay attentionthe fact that the presently studied
heterocyclic betaines are not typical donor-acaepteonjugated molecules. Their charge
transfer (CT) electronic transition arises owingthie interaction of the different orbitals
present in the D, A moieties through héonds of the biphenyl cor&¢heme 1 Moreover,
the above mentioned classification of BLA is - dtyi speaking - only valid for planar
molecules. However, we contend that the BLA vaheg®rted inTablel can be predictive of
the structures studied here. More importantly, thesé Bhlues considered in a comparative
approach can give valuable information about bbth dependence of the structure on the
torsion angle and the change induced by solvatatmompared to the X-ray data
corresponding more or less to non polar solvenaddition, it should be mentioned that the
BLA calculation is not straightforward. The formulssed here (BLA = [(B3-B2)+(B5-
B4)+(B7-B6)]/3), where bonds are numbered startirgn nitrogen-carbon bond Bl to
carbon-oxygen bond B8, B4 being the C-C intercyblimd) (Table 1), seems us the most
appropriate and differs considerably from the eported by Lilf>Finally, some compounds

bear methyls abrtho position of the intercyclic bond in order to tutiee steric hindrance.
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Fortunately, these substituents correspond to lamidett constants and are not taken into
account when calculating the BLA, as recently prnfed in our paper on solvatochromi€m

With these restrictions in mind, the following dission reveals interesting features.

O,
D-t-0-1-A <-— D-t-0-TI-A —<—> D-mt-o-1t-A
polyene form cyanine form polymethine form
(neutral) (zwitterionic)

Scheme 4: Ground state of pyridinium phenolate moleculemgd as a combination of two
valence-bond (VB) forms. (Note the presence ofteond in the molecules studied here).

From our X-ray analysis, the model compoubal has a BLA value of 0.013 (entry 8)
corresponding to a moderate quinone type structtoefirmed by its short C=0 length of
1.262 A. Interestingly, the strongly twisted compdi reported by Ratner et & has a
negative value of BLA (-0.013) (entry 13). Thesattees clearly point out that the torsion
modifies significantly the structure towards a zaribnic one. This is also confirmed by the
consequent elongation of the C=0 bond, this lengthgonow of 1.312 A.

Now, comparing2a and 2b, we observe that the increasing torsion (from id °28.9°)
decreases the BLA (from 0.052 to 0.029) conconiigaota very small increase of carbonyl
bond length (from 1.262 to 1.267 A) (entries 15 i)l Consequently®b has stilla quinone
type structure. Unfortunately, it was not possiblget good quality crystals @€, 2d and2e.
Further, inspection of Tablereveals that calculated bond lengths can drdistica different,
depending on the level of quantum chemistry apgrodhis remark underlines the failure of
guantum chemistry to describe properly these strast (entries 9, 10, 11, 12, 16, 18).
Anyway, the formula for BLA used by Liu et @l.seems inappropriate by considering the
very small decrease of BLA (from 0.093 to 0.07%ew going fronila to 5, and the fact that

5 has a too high positive value for such a twistedecule.

11



Finally, the present investigation puts in lighetfact that the low value of BLA foia
(0.013), indicative of a very moderate polar stnoet is in contradiction with the strong blue
shift solvatochromism of its UV absorption, recgntteported.’ Indeed, the la
solvatochromism relies on a high decrease of thetofaug(pepg) (1g and pe being
respectively the dipole moments of the ground arehék Condon state$).This implies a
high value ofug and a consequent decreas@plipon excitation, apparently in contradiction
with a cyanine like structure having a small dipmlement. But, we propose to level off this
contradiction by admitting that solvatation is sgoenough to induce structural changes
towards a zwitterionic form. Indeed, such a strietwndergoes an intense blue

solvatochromism, as exemplified by the empiricabpaeter E(30).

2.3- IR results

The IR spectra of compoun@b-e recorded in solid-state (KBr pellet) are shown iguife 1.
All derivatives exhibit sharp intense bands in tH@00-1700 cnf region. Among these
transitions, many of them can be easily assignesvkig that the IR spectrum @a has been
theoretically and experimentally thoroughly studiedhe pasf:® The band around 1200 &m
corresponds to the methi-stretch while this around 1325 ¢nis ascribed to the intercyclic
C-C stretches between pyridinium and phenoxidestifihe transition around 1580 ¢m
mainly corresponds to the quinoidal double bonetat;, combined with a slight contribution
of pyridinium stretch and ring carbon-carbon stietg vibrations. The band around 1640 cm
! mainly corresponds to a pyridinium stretch. Thiteipretation differs from this of Ratner,
but is confirmed by literatuf® and by comparison between IR spectra of pyridphénols
and pyridinium salts, precursors &a-e. ***° Actually, the band around 1600-1640
systematically lacks for all the spectra of pyndphenols but exists in all the spectra of

pyridinium salts. It must be added that the ;&ldnding oftert-butyl groups is commonly

12



observed as a doublet around 1385-1395 amd 1370 ci while the degenerated bending
give raise to a strong band at around 1400'.¢hBands are actually observed at 1402 and
1361 cmt' in the FTIR spectrum of 2,4-dért-butylphenol®® and at 1390 and 1370 &nin the
case of 3,3',5,5-tetréert-butyldiphenylquinoné?=° In contrast, the spectrum @& exhibit
only a single sharp band at 1393'tH Two bands are again observed2bre (around 1414-
1420 cni and 1373-1378 ciy. This explains why all spectra are normalizedfisorbance
taking the transition at 1410-1420 ¢ras a referenceds usual, the frequency region 1350-

1430 cm* remains not further interpreted.

1575

1410

2

1202
1637

1324

Normalizedabsorbance
A
Normalizedabsorbance

.

2000 1800 1600 1400 12010 1000 300 B0 450
CIm-

2000 1800 1600 1400 12'010 1000 600 600 450
or-

1415 1339
V' 4

Normalizedabsorbance
Normalizedabsorbance

2000 1800 1600 1400 12510 1000 800 EO0 450 2000 1800 1600 1400 1200 1000 800 BO0 450
cm- cm-1

Figure 1. IR spectra of compound2b-e as KBr pellet. (All spectra were normalized in
absorbance taking the transition at 1410-1420 asreference).
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The transition located around 1325 trfintercyclic C-C stretching) can be expected to be
sensitive to the twist angle variations. Unfortaigtband superposition and likely covering
with C-O stretching vibration make undetectable ahgnge in bond intensity. The C=0
stretching mode v(C=0)) around 1580 cthhas a different behaviour despite the weak
contribution of pyridinium stretch. A decrease loé¢ intensity of this transition froi2b to 2d

is expected, arguing for the lowering contributafithe quinoidal limiting form as the twist
angle raises. Such a decrease is observed going2lsam?2c. The torsion angle fa2c and

2b being very close (tables 3), the intensity deareats/(C=0) from 2c to 2d is logically
extremely weak. At the same time, as it might beeeted and in agreement with literattfte,
an increase of the wavenumber with the torsions Mrell-known hypsochromic effect is
easily explained by the increase in bond strengttih@ conjugation vanishes. Actually, in the
present work, with the torsion and the concomitietrease in conjugation, the wavenumber
increases from 1575 chfor 2b to 1587 for2c or2d. The interpretation ofe spectrum is
trickier, sinceisopropyl andtert-butyl groups give similar characteristic doubletstihe
symmetric CH bending region. However, the band located at 1686 would be less
intense than this at 1587 ¢rin the case a2d, once théso-propyl contribution deduced.
Attempt to transpose this study to compoubal® is so far not feasible. Any increase in twist
angle affects all stretching and bending mode. Ascamsequence, no method of

standardisation can be obviously proposed.

2a 2b 2c 2 2e

3(tert-butyl) #(C=0) 0.40 0.68 0.72 0.80
) 12 35 45 48 54

Table 3: Bands absorption ratio’s éftert-butyl) tov(C=0) and twist angles obtained from
numerical simulation$’

14



3- Conclusion

All considered synthetic intermediates correspandromatic structures. In contrast, the shift
and intensity variations of IR bands, being in agnent with BLA variations, confirrfirstly,
that quinoide and zwitterionic limiting forms cabtrte to the ground state structure of
pyridinium phenolates; secondly, that the zwitteric form becomes predominant, as the
twist angle increases. Finally exploring potengpplications for nonlinear optics, it should
be kept in mind that the solvent or, generally &pep the medium can modified drastically

the conformation of these molecules.

4- Experimental part

The synthesis of studied compounds was previowesgribed:®*°

All X-Ray structures were determined from singlgstals obtained by slow evaporation of
acetonitrile solutions. The suitable samples wenalyged on a Nonius Kappa CCD
diffractometer at 173K using graphite-monochromatmlK -radiation withk = 0.71073 A.
The Nonius suite was used for data collection anegration. The structure was solved by
direct methods using the program SIR92east-squares refinement against F was carried out
all non-hydrogen atoms using the program CRYSTAL.Shebychev polynomial weights
were used to complete the refinements. Plots wepduged using CAMERORY Space
group, lattice parameters and other relevant in&tion are listed in Table 4. Crystallographic
data, excluding structure factors, for the strugdum this paper were deposited with the
Cambridge Crystallographic Data Center. Crystalipbic Data Center. CCDC 768158 to
768162 contain the supplementary crystallograplata dor, respectivelygf, 4c, 1la, 2a and
2b, CCDC 983983 to 983985 the supplementary crygediohic data foi3e, 4d and 4a.
Copies of the data can be obtained, free of chamgegpplication to the CCDC, 12 Union

Road, Cambridge CB2 1EZ, UK [fax: +44-1223-33608&-onail:deposit@ccdc.cam.ac.uk

15



IR spectra were recorded on a Perkin-Elmer spec@bRTIR spectrometegb: IR (KBr): v

= 1637, 1575, 1476, 1428, 1420, 1381, 1344, 1328311213, 1202, 1180 ¢m2c: IR

(KBr): ¥ = 1643, 1587, 1466, 1425, 1410, 1373, 1326, 13283 cnt-. 2d : IR (KBr): ¥ =

1643, 1587, 1487, 1466, 1425, 1410, 1373, 13264,18251, 1203 cfh 2e: IR (KBr): v =

1634, 1586, 1469, 1428, 1415, 1379, 1367, 12571 tad.

Compounds 3e 3f da 4c 4d
Chemical formula @H1gN;:O Cyi5H17N;,O CioHu4IN C14H16INO CieH2211N,
2 1 Oz Oz
Formula weight 245.32 227.31 331.15 341.19 387.26
Crystal appearance Colourless Colourless Colourless  Colourless  Colourless
plate plate plate plate plate
Size mnd 0.12.0.28-0. 0.13-0.28:0.  0.04:0.10-0 0.12:0.20-0.2 0.10-0.16-0.
28 32 .20 9 21
Crystal system Trigonal Monoclinic Orthorhom Monaoclinic  Orthorhomb
bic ic
Space group R -3c P 21/c P212121 P 21/a Pcab
Unit cell dimensions A a= a= a= a= a=
16.3055(5), 8.5707(4) 7.13960(10 8.13180(10), 9.50760(10),
b= b= )s b= b=
16.3055(5) 9.6582(4) b= 15.9024(2) 13.8415(2)
Cc= c= 10.2823(2) c= Cc=
27.6692(10) 15.7429(7) c= 11.0125(2) 25.4627(4)
17.1010(3)
Cell angles a=90 a=90 a=90 a=90 a=90
B =90 = B =90 B= B =90
y =120 100.206(2) vy =90 102.9067(8) vy =90
vy =90 vy =90
Volume A 6370.8(4) 1282.54(10) 1255.41(4)  1388.10(4) 3JEBB
Density (calculated) 1.151 1.177 1.752 1.633 1.535
F(000) 2376 488 648 672 1552
Omax 27.030 30.052 27.857 27.851 29.984
Minimal/maximal 0.98/0.99 0.98/0.99 0.78/0.90 0.63/0.76 0.74/0.83
Transmission integration
u 0.076 0.073 2.537 2.292 1.913
Total number of 42363 13891 11348 12373 27364
reflection
Independent reflections 1641 3732 2995 3309 4882
(merging r) (0.089) (0.029) (0.082) (0.042) (0.079)
Data/restraints/paramet 949/0/99 2058/0/154 2006/5/155  2445/0/154  2628/MD/1
ers
Goodness of fit onF 0.9865 1.0045 0.8873 0.9961 0.9759
Reflection threshold [>1.00u(l) [>2.0u(l) [>3.00u(l) 1>3.00u(l) 1>3.0Q)
expression
R indice (observed 0.801 0.0487 0.0272 0.0241 0.0293
data)
WR indice (all data) 0.1189 0.0766 0.0250 0.0282 3990
Minimal/maximal -0.23/0.60 -0.25/0.25 -0.58/0.59 -0.52/0.51 -D6EB

residual
electron density

16



Compounds la 2a 2b

Chemical formula GH15N103 CooHo7N1O4 Co1Ho9N1O4
Formula weight 221.26 297.44 311.47
Crystal appearance Colourless plate  Colourlese pl@wolourless plate
Size mm 0.02-0.14-0.22 0.20-0.30-0.34  0.10-0.13-0.22
Crystal system Monoclinic Orthorhombic Orthorhombi
Space group P 21/a P21 2121 P212121
Unit cell dimensions A a=17.1003(2) a=9.4312(2) a=9.5331(2)

b=11.6103(3) b=10.3423(2) b = 10.5986(2)
c=13.2476(4) c=18.2784(3) c=17.9101(4)

Cell angles a=90 a=90 a=90
B =100.6639(14) B =90 B =90
vy=90 vy=90 vy=90
Volume A 1073.23(5) 1782.88(6) 1809.59(7)
Density (calculated) 1.369 1.108 1.143
F(000) 472 648 680
Omax 27.487 27.457 27.455
Minimal/maximal 0.99/1.00 0.98/0.99 0.99/0.99
Transmission integration
u 0.099 0.067 0.069
Total number of reflection 7809 11641 12111
Independent reflections 2458 2328 2363
(merging r) (0.018) (0.044) (0.040)
Data/restraints/parameters 1689/0/161 1651/0/200  85/0&209
Goodness of fit onF 1.1445 1.507 1.1250
Reflection threshold expression 1>1.50u(l) [>2.B\s( 1>2.4\s(1)
R indice (observed data) 0.0386 0.0320 0.0301
WR indice (all data) 0.0524 0.0479 0.0529
Minimal/maximal residual -0.19/0.25 -0.11/0.14 -0.12/0.14

electron density

Table 4: Crystal data and structure refinement for studmaipounds.
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