Accepted Manuscript

i AL
Journal of

MOLECULAR
STRUCTURE

Long-range anisotropic effects in a V-shaped Troger's base diformanilide:
Conformational study by NMR assignment and DFT calculations

Leandro Trupp, Sergio L. Laurella, M. Cristina Tettamanzi, Beatriz C. Barja, Andrea
C. Bruttomesso

Pl S0022-2860(17)31580-6
DOI: 10.1016/j.molstruc.2017.11.092
Reference: MOLSTR 24579

To appear in:  Journal of Molecular Structure

Received Date: 23 August 2017
Revised Date: 21 November 2017
Accepted Date: 21 November 2017

Please cite this article as: L. Trupp, S.L. Laurella, M.C. Tettamanzi, B.C. Barja, A.C. Bruttomesso,
Long-range anisotropic effects in a V-shaped Troger's base diformanilide: Conformational study
by NMR assignment and DFT calculations, Journal of Molecular Structure (2018), doi: 10.1016/
j-molstruc.2017.11.092.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.molstruc.2017.11.092

Graphical Abstract
To create your abstract, type over the instructiorthe template box below.
Fonts or abstract dimensions should not be chaogetiered.

Long-range anisotropic effects in a V—shaped Leave this area blank for abstract info.
Troger’s base diformanilide: conformational

study by NMR assignment and DFT
calculations
Leandro Trupp, Sergio L. Laurella, M. Cristina Tettaman2| Beatriz Caqui Andrea C. Bruttomesso

& *;@Qg COg*

OHCHN




Journal of Molecular Structure

journal homepage: www.elsevier.com

Long-range anisotropic effects in a V—shaped Tr8dwse diformanilide:
conformational study by NMR assignment and DFT wlaktons

Leandro Trupp® Sergio L. Laurelly M. Cristina TettamanZt, Beatriz C. Barjaand Andrea C.
Bruttomesstll

*DQO — UMYMFOR, FCEN, UBA, Int. Gliiraldes 2160, GiddUniversitaria, Buenos Aires, 1428, Argentina
PCEQUINOR, DQ, FCE, UNLP, 47 y 115 s/n, La Plata)(9Argentina

‘Dept. of Chemistry and Biochemistry, USciences, %08rd St., Philadelphia, PA 19104, USA

YDQIAQF — INQUIMAE, FCEN, UBA, Int. Giiiraldes 21@Diudad Universitaria, Buenos Aires, 1428, Argentina

ARTICLE INFO ABSTRACT

Article history: Herein we describe the synthesis and conformatianalysis of a Trdoger's base diformani
Received whose distinctive NMR spectra was fully assignesl DFT calculations. The complexitf the
Received in revised form spectra originatetdy the presence of three conformers in equilibrelows that the nuclei
Accepted each side of the molecule are sensitivehe configuration not only of the closest fornide
Available online moiety but also of the farthest one, due to longgeaanisotropic effectdhe temperature a

the solvent polarity influence were analyzed toedweine the differentonformer populatior

Keywords and the corresponding rotational activation paranset

Troger’s base
Diformanilide
Conformational analysis
Long-range anisotropy
NMR spectroscof
Theoretical calculations
Variable Temperature NMR
Line shape analysis

2017 Elsevier Ltd. All rights reserved

! Present address: Dept. of Chemistry, College oinBeiand Technology, Temple University, 1901 N. 13th Philadelphia, PA 19122, USA
OCorresponding author. Tel.: +54-11-4576-3346; #bd-11-4576-3346; e-mail: aachiocc@qo.fcen.uba.ar



2 Journal of Molecular Structure

1. Introduction

Building blocks with well-defined rigid structureseawery
convenient in organic synthesis, as they allow thetrol and
disposition of different substituents in predicealdeometries.
6H,12H-5,11-methanodibenZnf][1,5] diazocine —Troger's
base (TB)- is one of the most used compounds af Kird,
because it adopts a rigid V—shaped geometry withatbenatic
rings almost perpendicular to each other (FigurEl1B]. These
molecules present both practical and theoreticaraést, their
applications being particularly useful in areashsas molecular
recognition, drug development, bioorganic and suotacular
chemistry and for optical and optoelectronic deuiesign [4—

11].
j

Figure 1. Molecular structure of §,3-Troger's base and
numbering according to its systematic name.

Although TB was first synthesized in 1887 by Carliukl
Troger, in the last few decades there has been @oriamt
resurgence in the study of the synthesis and ctesization of
different TB derivatives due to their unique prdjes, which
even led them to be described as one of the “fasonm
molecules in organic chemistry” [12].

10

TB consists of two aromatic rings fused by a biayeliphatic

The amide group may act as a probe to detect langer
interactions. In fact, if different conformationssing from these
two distant amide moieties can be discriminated YR\ the
analysis of these signals can give valuable inftionaregarding
the possibility of long-range anisotropic effects the system.
The large rotational energy barrier around the NB)Cbond
caused by its partial double bond character geeraion-
equivalent substituents. This rotation is usualgwson the'H
NMR time scale at room temperature, enablingZHeis) andE
(trans) conformers to be distinguished [20].

The assignment of the 1D NMR signals to each cordorm
may be done from identification of the CHO protonkseavhich
are recognized from the_CHO-NH couplings of approxatyat
11.0 Hz ¢is isomer) and 1.5 Hztrans isomer) [20]. The TB
skeleton presents, in principle, a characteristid aelatively
simple '"H NMR, corresponding to the aromatic and bridge
protons. The bridgehead methylene (C13) appeam sisglet
between the non-equivalent non-bridgehead methdgmals, of
which theendoprotons appear more shielded than eike ones
[13].

In this work, we describe the synthesis and comatdysis
of the 1D and 2D NMR spectra of a model diformamid® T
derivative 1 (N,N'-((5S,11S)-4,10-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5] diazocine-2,8-diyl) difcamide),
whose complex array of signals is consistent withpitesence of
long-range anisotropic effects that confirm thathbsides of the
TB base skeleton are not independent from each.othe

methanodiazocine unit whose methylene bridge prevent2. Results and discussion

pyramidal inversion of the two nitrogen atoms ahdst makes
them stable stereogenic centers. The aromatic steysd in a
nearly perpendicular fashion with an angle which hagn

predicted for a wide array of derivatives between &4d 105°,

with a mean value of 95.3°, and a minimum distarfagpprox. 1

nm between the substituents [13,14]. This fixed icumétion

makes TB a C2-symmetric chiral molecule with a hpthabic

cavity, which can exist as thBR and SS enantiomers. The
diastereomeric-TBRS is geometrically not viable.

Communication through space between the aromatietiasi
in the V—shaped structure and its substituentdkas studied in
regard to the atropoisomerism in torsion balandés-17]. In
addition, in a TB bistriarylamine derivative ouiogp found that,
besides the geometrical connecting role, this ramjugated
bridge can surprisingly play an important electcoodonnecting
role. Electrochemical and EPR measurements as wellAM-
B3LYP calculations performed showed an unexpectedlygel
capacity of the aliphatic bridge to electronicaltgnnect the
arylamines, reflected in the spin and charge tistion. The
main factor that originates this electronic coniwecis the rigid
geometry of the bridge that makes the nitrogen atéane each
other, and therefore the lone pairs enter the brialgd overlap
with the arylamineresystem [18,19].Regarding the possible
communication of the aromatic rings through sp&zéhe best of
our knowledge no experimental study has been repoftdB’s
diamide bond conformers.

NHQ (CH0),

TFA rt., 48 h

N, Fe, HAGO
EIQH, 4, 12 h

NH2 A, OMCOOH, OHCOOH, ELN
THE 1, 24 h

2.1.Chemistry

Compound3 was prepared in two steps according to literature
procedures [21], starting from an acid—catalyzeddemsation
step of 2-methyl-4-nitroaniline with (GB), to obtain 2,8-dinitro
Troger's base derivativ®, which is further reduced to the
diamino substituted compoun8 This compound wad\,N’-
diformylated to finally obtain the 2,8-diformamidd® derivative
1 (Scheme 1) [22]1 was characterized by mass spectrometry
(HR-ESI) and 1D and 2D NMR spectroscopy. Spectra were
obtained in different solvents and at several teatpees.

2.2.Conformational analysis and NMR assignment in chtmrof

Observation of the amide bond configurati@of Z) of both
formamide units ofl indicates the potential coexistence of three
conformers in equilibrium,EE, ZZ and EZ which can be
differentiated by NMR spectroscopy if the N—C(O) boothtion
is slow enough. The fourth possible conform&E)(is the same
asEZ, due to the C2 symmetry axis in the molecule (Feéga),
and all conformers are actually the racemic mixafrthheRRand
SSenantiomers, which cannot be discriminated by NMRisT
analysis assumes free rotation around Ar—N bondséjratered
rotation for these bonds is usually described ofdy 2-
substituted tertiary anilides [23-25]. Each formdenis denoted
asE(E), Z(2), E(Z) andZ(E) according to its own configuration
and to the other one, specified between brackets.

N\ NHCHO

OHCHN N
1

Scheme . Synthesis of N,N—((58,115)—4,10—d|methyl—6H,15]-1&—methanodlbenzo[b,ﬂ[l,5]d|azocine—2,8—diyk)d|iﬁamide1 starting

from 2—methyl—4—nitroaniline
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Figure 2. Amide bond conformers df SpecieZ SSEandESSZare the same, through a 180° rotation around they@metry axis. Each
formamide is denoted according to its own confijoraand to the other one, specified between btack®,J and R,R enantiomers are
indistinguishable by NMR experiments and thus #tet are omitted here for clarity.

Figure 3 shows the experimentdd NMR spectrum ofl in This conformational behavior is infrequent in obgaides, as
CDCl; at 25°C, where the number of peaks shows that tbieinu usually it is not possible to discriminate all th@esent
in each side of the molecule are sensitive to trgiguration not  conformers at room temperature, given that thejrupations are
only of the closest formamide but also of the festhone, which  not similar, their NMR signals are identical or tleC(O) bond
is up to 12 bonds apart (see detailed analysisMelbhis long-  rotation is not slow enough to be in the slow exclearggime
range anisotropic effect originated by the formamigroups [23,27-38]. Chen et al. [39] have synthesized eoréne
gives rise to four different proton peaks for eackleus, one for diformamide derivative whose 1D NMR spectrum in CPCI
eachEE andZZ conformer and two for th&Z one, given that apparently shows a similar behavior, but it hashesn analyzed
both sides of the molecule are different. Thiseffe also visible in detail.
in °C NMR (Figs. S1-S3), where the presence of four
magnetically non—equivalent sets of nuclei are detefor most
signals.

In order to completely assign the experimental algof each
nuclei to the corresponding conformer, the speaigder study
were subjected to geometry optimization using dgrisitctional
theory (DFT) and calculations at the B3LYP/6—31G(dguel,
Region D - taking into account dielectric solvent effects viite SCRF-PCM
Methylprotons o del, The isotropic chemical shifts for hydrogerd acarbon
atoms were obtained using the GIAO method [13,20,40-46

Region C - The experimental spectra were subdivided in fouioregA—
Troger's nucleus . . . .
" protons D for a detailed discussion and assignment of thekge
considering both bidimensional NMR spectra (Figs-&4l) and
theoretical calculations. Experimental and cal@dafC signals
are shown in Table S1.

Region A -
Formamide

olons .
protons Region B -

Aromatic

protons Region A — Formamide protons

lﬂ ' | I h Figure 4 shows the formamide region of thid NMR
_NIA N LA L\, spectrum ofl. Only three signals are observed for each proton

85 80 75 70 60 50 45 40 35 (two for theE formamides and one for tleones), as the signals

Dom

Figure 3. 'H NMR spectrum ofl. in CDC at 25 °C.

formamide configuration. The assignment of the Nidtq@ms is

Slow rotation around the N-C(O) bond and intercoriwarsf  supported by COSY (Figs. S4—-S5). EXSY spectrum cosfiime
conformers is confirmed by 2D EXSY spectra, as a cpgsk  exchange of the formamide protons (both CHO and NHjhey
with opposite phase to NOE correlations is observeddweral presence of a cross peak due to magnetizationféraf#sg. S10).

of the Z formamides do not depend significantly on the othe

protons from and close tB and Z formamides. These signals In the'>C NMR spectrum the four expected carbonyl signads ar

show magnetization transfer between two sites thatergnd observed, more clearly separated for Eheonformation (Fig.
chemical exchange, and indicate that conversiomvdmt the S2).

different conformers is in fast exchange on thexation time
scale, even when it is in the slow exchange limitttoen NMR
chemical shift time scale [26].

Table 1 summarizes the observed and calculated ichem
shifts using DFT. The calculations not only pernthe
assignment of the signals with respect to the fattf@mamide

To the best of our knowledge, a complete conformeithigher or lower chemical shifts) but also give ggquédictions
elucidation of this kind has not been done for difigrmanilide. ~ for almost all the signals, with deviations of lékan 0.2 ppm
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(except for the NH proton in the formamides). It can also be between theoretical calculations and experimentiital shifts

predicted if two signals will give rise to two separaeaks or to
only one, as in every case of tkeformamide the calculated
difference between peaks is larger than 0.01 ppmevibil theZ
formamide it is smaller than 0.01 ppm.
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Figure 4. Formamide protons (Region A) of th#d NMR
spectrum ofl in CDCk at 25 °C.

Table 1.*H NMR experimental and calculated chemical shifts

for formamide protons df in CDCk at 25 °C, according to
their own and farthest formamide configuration.

Own config. E z

Farthest config. E z diff. E z diff.
8,/ CHO 8503 8493 0010 8.286 0.000
ppm - NH 8.000 7.952 0.047 7.007 0.000
5., CHO 8660 8646 0014 8500 8494 0.006
ppm - NH 7.205 7.194 0011 6.976 6.982 0.006

Region B — Aromatic protons

Figure 5 shows the aromatic region of theNMR spectrum,

where eight different doublets with, & 1.5 Hz are observed (the

singlet at 7.04 ppm corresponds to the NH protonthef Z
formamide). Each signal
configuration of both formamides, based on the il
calculations and 2D spectra.
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Figure 5. Aromatic protons (Region B) of théH NMR
spectrum ofl in CDCl at 25 °C.

o
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Table 2 summarizes the experimental and calculctechical
shifts for each proton. In this case, there is sahserepancy

can be assigned to a s$pecif

of the aromatic protons that correspond ibfarmamide moiety;
such difference could be overcome regarding vibrati effects
(that were not taken into account when carrying dug t
calculations). The assignment relies on the NOE &sgniaserved
in the NOESY spectrum (Fig. S9), where the aromaticadigat
ca. 5 6.50 and 7.20 ppm show a positive NOE effect with the
ende-Troger proton at 3.95 ppm; and the aromatic sgyaatas
6.80 and 7.05 ppm show a positive NOE effect withrtteghyl
protons at 2.40 ppm. NOESY spectrum also confirms Alnal
bond rotation is fast in the NMR timescale, as themdrrelation
between the NHE) peaks and both aromatic protods(50 and
6.78 ppm).

Table 2.*H NMR experimental and calculated chemical shifts
for aromatic protons df in CDCl; at 25 °C, according to
closest and farthest formamide configuration.

Closest configuration E z
Farthest configuration E z E z
H1/H7 6.503 6.487 7.159 7.413
Bexp/ PPM
H3 /H9 6.791 6.776 7.045 7.033
H1/H7 6.638 6.630 7.267 7.252
Scaic/ ppm
H3 /H9 6.960 6.950 7.596 7.584

The four signals for each carbon can be seen if*&IMR
spectrum (Fig. S3). The shown assignments with otspethe
closest formamide were done considering 2D correalatio
(HSQC or HMBC).

Region C — Tréger’s nucleus protons

The Troger's nucleus protons region of theNMR spectrum
of 1 is shown in Figure 6, with the peaks assignmensidening
the predicted values shown in Table 3. The discrimination of
exo and endo protons was also carried out considering the
positive NOE effect between the methyl group and eéhdo
protons and that between the bridgehead methyleneaHd3he
exo protons (Fig. S9). The fact that these hydrogenzear as
two doublets (and not four) indicates that thesengiehe groups
are affected by the configuration of the closestimide but not
by the farthest one, whereas the methylene bridgetisensitive
to any formamide configuration. This analysis isaigreement
with the calculated values, with differences lowemnt@a01 ppm
for experimentally undistinguishable signals.

VMmN < Mmoo wn
O M @ N M=o
n in g N R O X R
T TT - M n e e
H13
|
exo | endo
2 I E] A
(E] 2] ‘ (E] 12)
17.0Hz 17.0 Hz l7.0!|/ |r‘.()I|/
|
I \
" ‘I | \ '
|t I
oA || Mok
\ v

4.7 4.6 4.5 44 4 4.2 4.1 4.0 39

ppom
Figure 6. Tréger's nucleus protons (Region C) of e NMR
spectrum ofl. in CDCk at 25 °C.
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Table 3."H NMR experimental and calculated chemical shiftsdiformanilides connected by different spacers, sash-S(O)-

for Troger’s nucleus protons afin CDCk at 25 °C,
according to closest and farthest formamide condition.

Closest configuration E 4

Farthest configuration E z E z
endo 3.936 3.922

Oexp/ PPM exo 4.549 4.536
bridge 4.284
endo 3.815 3.813 3.805 3.802

Ocaic/ PpM exo 3.368 3.364 3.346 3.349
bridge 4.001 3.997 3.992 3.985

Region D — Methyl protons

Figure 7 shows the methyl region of thé NMR spectrum,
where these protons can be seen affected by theyaeatfon of

both formamides and thus appear as four singletse T

experimental and calculated chemical shifts arevehim Table
4. Deconvolution of peaks using the MestReNova soéwa

consistent with the assignment obtained from themlet

calculation, as the signals at 2.374 and 2.391 ppwe very
similar integration and thus may belong to the saordormer.

o - w0 ha
= N ®© ~
< M M D
~ o~ o~ o~
[E(2)] 1Z(2))
[E(E)] Z(E))
) AN

244 243 2.42 241 2.40 239 238 2.37 236 235 234 2.33
ppm

Figure 7. Methyl protons (Region D) of th#! NMR spectrum
of 1in CDCk at 25 °C.

[27], —CH4 [28], —O- [29] or —&- [30] among others [31]. In
C¢D¢/CDCl;, on the other hand, the signals become even more
complex than in CDGI

Figure 8 shows th#H NMR spectra for the methyl region. For
the least polar solvents {0¢/CDCl; mixture, CDC} and
acetone—g) the spectra consist of the four peaks as expdoted
the E(E), Z(Z), E(Z) andZ(E) methyl protons. The relative order
of chemical shifts varies with the solvent, and #ssignment
may be done on the basis of the integration knovlegoverall
Z/E ratio and thatE(Z) and Z(E) peaks should have the same
area. Nevertheless, in more polar solvents fewer peak
observed: only two signals dominate the spectrabyGD and
CDsCN —corresponding to th& or E configuration of the closest
formamide— while only one broad band with three stherd is
present in DMSO-g Similar behavior is observed for the other
regions of the spectra (Figs. S12-S13).

DMSO-dg

2.35 . 230
~\ CD,CN

2.40 y 2.35
DMF-d,

240 A 235
CD;0D

2.40 " 2.35

A J A~ acetone-dg

‘ZAZS p . 2.20
VARAN CDCly

2.40 2.35
,,v/,\k\ / \ N\ 4

CDCl-C¢Dg 1:1

230 2.25
opm

Figure 8. Methyl protons (Region D) of thiéd NMR spectra of
1 in different solvents at 25 °C.

Differences in the polarity of the mixtures alsoeatftheZ/E
isomer populations. The absolu#Z:EZ:EE ratios and their
relative energies can be determined from the desdation of the
methyl signals in the §D¢CDCl; mixture, in CDC} and in
acetone—gl Table 5 shows that the most stable conformer is
solvent-dependent. In CDgClall conformers have similar
populations (30:39:31) being thEZ the preferential one. In
CDCIl—-CsDg and acetonesd the ZZ conformer is the most

Table 4.'"H NMR experimental and calculated chemical shiftsstable. In these two latter cases, the energy differ between

for methyl protons ol in CDCk at 25 °C, according to
closest and farthest formamide configuration.

Closest configuration E 4

Farthest configuration E z E z
Sexp! PPM 2.400 2.391 2.374 2.385
Ocaic/ ppM 2.304 2.298 2.269 2.282

2.3.Solvent effect ilH NMR spectra

The effect of solvent polarity on the spectrum ofmpoundl
was analyzed to study the extension of the anisiatieffects, as
well as the different conformer populations. TReNMR spectra
in more polar solvents (DMSOgdCD;CN, CD,OD, acetone-g

the ZZ andEZ conformers and between tBZ andEE ones are
similar but not equal, showing that the configuratiof one
formamide is not independent from the configuratéthe other
one.

Table 5.ZZ/EZ/EEratio of1 in different solvents at 25 °C

E7- a AGzz/ AGez AGee
Solvent € sl ZZ:EZ:EE (%) (ka/molf
CDCl-CsDs o
11 (VIV) 350 - 49:32:19 00/11/2.4
CDCl 481 1.15 30:39:31 0.7/0.0/0.6
Acetone-d  20.7 2.85 72:21:7 00/3.1/57

2Determined byH NMR deconvolution of methyl signals at 25 °C, vaitit

and DMF-d) are simplified and usually only one peak is calibration curve.

observed for each proton close to Bnor Z configuration,
regardless of the farthest formamide’s configuratidhis result
is in agreement with all spectra described in DMSQCkat

b Related to the most stable conformer, at 25 °C.
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In other solvents, theZZ:EZ:EE populations cannot be reaches an approximately constant value of 75 % fre 20, as
observed for other solvents.

calculated independently. Anyway, the oved&lE ratio can be

obtained from the integrals for the CHE] and CHO F] signals
(Table 6). In this case, the sides of the molecmay be
considered not communicated, and thus each foridamhoiety
is interpreted as an independent entity viitbr Z configuration
(denoted for simplicity ag or Z conformer from now on).

Except for CDCJ, in every solvent th& configuration is

preferred over th& one, with a fixed 75:25 approximate ratio in

polar solvents. These results are usually obsefeedsimple

formanilides with no 2-substituent, with the& isomer being

predominant in DMSO-[27-31,47,48], acetonegd36] and
CD;0OD [36] andZ/E ratios close to 1:1 in CD¢JB6,47,49,50].

Table 6.Overall Z/E ratio ofl in different solvents at 25 °C

Solvent € v Z:E (%Y
CDCl—CsDg 1:1 (VIV) 3.50 - 64:36
CDCls 481 1.15 50:50
Acetone—¢ 20.7 2.85 76:24
CD;OD 32.7 1.70 74:26
DMF-d; 36.7 3.86 77:23
CDsCN 375 3.45 74:26
DMSO-d 46.7 3.90 73:27

Table7. Overall Z/E ratio ofl. in CDCkL-CD;OD mixtures

(VIV) at 25 °C

CDCl:CD;0D (V/V) € ZE (%Y
10:0 481 50:50
911 7.60 62:38
8:2 10.4 65:35
7:3 13.2 68:32
6:4 16.0 73:27
5:5 18.8 76:24
46 21.5 76:24
3.7 24.3 76:24
2:8 27.1 76:24
1:9 29.9 75:25
0:10 32.7 74:26

3Determined byH NMR integration of aldehyde signals at 25 °C hwiit

calibration curve.

From the data presented in Table 7, the Gibbs fneegg of

equilibria were estimated\G%_; = —RT.In Kg_7), assuming that
both sides of the molecule were independent. Thehiral
representation of these results for the least polatures (Figure
10) shows a linear relationship with the Kirkwood fiioe (-
The spectra of compourl were also measured in different 1)/(26+1), demonstrating that purely electrostatic sdfatwent
mixtures of CDCYCD;OD to evaluate the effect of the solvent interactions are the main factor defining @¥& ratio in the low
polarity on the chemical shift and the number cdkgefor each ~ Solvent polarity regime [51-53]. This behavior &t maintained
hydrogen. For all signals, the possibility of distgnation of
each peak regarding the farthest formamide cordigum

3Determined byH NMR integration of aldehyde signals at 25 °C hwiit
calibration curve.

S . L . 10:0 R*=0,95
diminishes as solvent polarity increases. Thisltésiconsistent 0d e
with those obtained in other solvents, showing thatdielectric \\\
properties of the solvent seem to be the main dihiglfactor of -500 1
anisotropic effects. This behavior can be obsefaethe methyl \ o
protons in Figure 9 and for other regions in Figugd4—S16. 71000 N
N N 82
CDCl3:CD;0D o i 715007 NE
o . 73
N 0:10 < 2000 \\\ °
A~~~ \ 1:9 \\\
SN \ 2:8 -25001 6:1\
A~ 3:7 -3000 4 55
N N\ 4:6 T T T T T T
/ 0,36 0,38 0,40 0,42 0,44 0,46
A 8 :: (e-1)/(26+1)
N\ ] - Figure 1C. Gibbs free energy @/Z equilibria plotted against
— - A 10 the Kirkwood function §-1)/(%+1) for the least polar
A o 8:2 CDCl;—CD;OD mixtures (V/V) at 25 °C.
AN R— %1 at high polarity solvents, which shows that othéeet must be
J N~ U\ 10:0

245 2.40 235
ppm

present.

The increase in the overdlE ratio in polar solvents was also

observed by theoretical

calculations.

Table 8 shothe

Figure 9. Methyl protons (Region D) of th#! NMR spectra of
1in different CDC{—CD;OD (V/V) mixtures at 25 °C.

calculatedAG values for each conformer related to the most
stable isomer in CDGland DMSO-¢ and its relative
populations given by a Boltzmann analysis. Even wliies
values do not exactly match, the general trenchefiicrease of
the Z/E ratio in DMSO—¢ with respect to CDGlis kept, and the
fact that the sides of the molecule are mutuallpetelent is
respected as well.

As previously noted, a deconvolution of the four kseaan
only be done in the least polar mixtures, but therall Z/E ratio
can be measured in all of them (Table 7). Theopulation
increases with the dielectric constant at low pa&sjtuntil it



Table 8. Calculated and experimental free energies of
formation (related to the most stable conformeg an
population rates fot in CDCk and DMSO—¢l

Solvent AG (kJ/mol)  Population at (ZIB)cac  (ZIBE)exp
298K

ZZ: 0.00 76.8 %

CDCl; EZ 3.55 18.3 % 6.1 1.0
EE 6.82 4.9 %
ZZ:0.00 82.0%

DMSO-¢s EZ 4.10 15.7 % 8.9 2.7
EE: 8.83 23 %

2.4.Variable Temperature NMR spectra

The'H NMR spectra ofl in the formamide region in DMSO—
ds, taken in the temperature interval 298-353 K, shueak
broadening and a slight change in chemical shiftseemperature
rises (Figure 11). The coalescence temperaturetisaached,
and thus it is necessary to perform a completedirape analysis

(CLSA) of some of the exchanging peaks in the slow—

intermediate regime. Peak deconvolution of the CHfDals was
achieved wusing the MestReNova software, allowing

determination of the kinetic constants at each &atpre.

8.60 8.55 8.50 8.45 8.40 8.35

ppm

Figure 11. Aldehyde protons of th&H NMR spectra ofl in
DMSC-df at different temperature

8.30 8.25 8.20 8.15

the

7
— 1 s), and estimation of the equilibrium constanten rate
constants results in no more than a 30% error e$pect to the
values obtained by integration.

From CLSA data it is possible to estimate the atitiva
energy parameters for the forward and reverse meactising the
Eyring equation (Eq. 3), assumirg= 1. Plotting In kK/T) against
1000/T (Figure 12) allows the determination of elgihaand
entropy of activationAH” andAS?, which are obtained from the
slope and intercept of the linear regression, espy.

®3)

kpT _pg*
k:KieAG/RT

y =-9.99x + 26.79
R? = 0.99849

N
- \\

y=-10.03x + 2584
R? = 0.99267

3t0 3:1
1000/ T

28 29 3,2

Figure 12. Eyring plot forl in DMSO-& solution for E+Z
(o) and Z>E (m) rotations. One data point) was omitted in
the calculations (see Supporting Information).

The results for the activation parameters are shiowFable
10. Enthalpies of activation are very similar fatlo processes,
indicating thatAH is approximately zero in DMSOgdThis is
consistent with the fact that the ratio from majwrtinor isomer
in DMSO-d;, obtained by peak integration, does not changa upo
temperature increase, and demonstrates that coaform
equilibrium is an entropically driven process. Atono
temperature, K, = 2.7, and thud\S is estimated as 8.3 J.K
'mol™?, in close agreement with the value obtained fromAElof
7.9 J.K'mol™.

Table 10.Activation parameters dfin DMSO-g@ obtained
from Eyring’s plot.

AH? / kJ.mot? AS 1 J.K'mor?

For a two-site exchange with unequal populations, rtte
constantsk, (i: E, Z for E-»Z and Z—E respectively) can be
estimated considering the difference between therobd peak

widths Avy, at each temperature T and the natural bandwidth in

the slow exchange limit at 25° C (T°), which is assdnto

account for all transverse relaxation mechanisntgerothan
chemical exchange (Eqg. 1) [54].

AU]‘ZCP (T),i (1)

In this case, the ratio between the constaptarkl k should

be given by the equilibrium constantg K, which can be

determined by the population of each configurafomand thus
the integration of peaks (Eq. 2).

_ obs(T),i _
= Av,,

%

obs(T®),i k;
APt =k
s

kg
kz  pE (2)
The results for the estimated rate and equilibraomstants of
1 in DMSO-@ at different temperatures are given in Table 9.
Kinetic constants are in the order of 1-100(kfetimes of 10 ms

= Kgsz

E—Z
Z—E

83.0
83.3

25.1
17.2

Estimated values fahG” at 298 K in DMSO—glare 75.5 and
78.2 kd.mol* for E»Z and Z—E, respectively, which lie in
the usual interval of 63—96 kJ.mbfor Gibbs free energies of
activation for hindered amide rotation [58)G° for theESZ
equilibrium is estimated thus as —2.7 kJ.thaksult with less
than 10% error with respect to that calculated fintegration
(2.5 kJ.mol").

3. Conclusions

The current work provides full description of thengaex
array of signals in the NMR spectra of a TB diforniderl and
offers novel evidence about the dependence of thieties on
each side of this type of scaffold. This behavibiiginated by
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the presence of three conformers in  equilibrium, ciwhi = [13]
correspond to the possible configurations of thedanmoiety,
and is consistent with long—range anisotropic effeggnerated
by the carbonyl groups. DFT calculations allowed ¢benplete
assignment of NMR spectra and confirmed the expetiahe
capability of signal distinction. In addition, owork reports the [15]
study of solvent polarity and temperature effeaistle signals.

The detailed conformational analysis shows thatBfgratio is
mainly determined by electrostatic interactions time low
polarity regime and that it adopts a constant valuepolar
solvents. Activation parameters determined in DMSO
demonstrate that in this case conformer equilibriisnan  [17]
entropically driven process.

(14]

To the best of our knowledge, this is the first egsatic  [18]
conformational analysis of this kind of model systand paves
the way for future promising studies through theigte®f new
TB derivatives with amide bonds. [19]
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Table 9. Rate and equilibrium constants of 1 in DMSg-d
estimated by CLSA at different temperatures.

TIK ke z/s! ke gls! Ke.z® Ke.z"
303.1 0.68 0.24 2.9 2.7
313.1 1.77 c ¢ 2.7

323.1 5.39 1.49 3.6 2.7
333.1 13.4 4.48 3.0 2.7
343.1 315 13.7 2.3 2.7
353.1 85.2 263 3.2 2.7

#Determined as the ratio between the constantsand k_e.
b Determined byH NMR integration of aldehyde signals at 25 °C hwiit calibration curve.
°Omitted in the calculations (see Supporting Infdiarg.



1- We present the synthesis and full NMR analysis of a diformamide TB derivative 1.

2- 1 displays a complex array of signals originated by the presence of three conformers.
3- DFT calculations and 2D NMR experiments allowed the full assignment of 'H NMR.
4- Solvent polarity and temperature effects were analyzed.

5- 1 serves as a probe for long—range anisotropic effects generated by carbonyl groups.



