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ABSTRACT

para-Substituted benzoic acid esters of cyclohexandkdihydroxycyclohexane, 4-hydroxy
cyclohexanone and of the correspondarg-methylene derivative were synthesized and the
conformational equilibria of the cyclohexane skefestudied by low temperatutel and**C
NMR spectroscopy. The geometry optimized structuoésthe axial/equatorial chair
conformers were computed at the DFT level of the@wyly one preferred conformation of
the ester group was obtained for both &l and theequatorial conformer, respectively.
The content of th@xial conformer increases with growing polarity of thenémbered ring
moiety; hereby, in addition, the effect of dpybridization/polarity of C(4)=0/C(4)=CHon

the present conformational equilibria is criticallyaluated. Another dynamic process could

be studied, for the first time in this kind of cooymds.

Keywords: Conformational analysis; A-Values of COOAr on cywsane; Benzoic acid

esters; Dynamic NMR; DFT calculations.
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1. Introduction

Previously, the ester analogues (RO-) of cyclohexanol, 1,4-
dihydroxycyclohexane and 4-hydroxycyclohexanone {GR Me, Et, i-Pr, t-Bu, CHJF,
CH.CI(Br),.1] have been synthesized and the conformationalliegai of the cyclohexane
moiety determined by low temperature NMR spectrpgcd Theaxial/equatorial position of
the substituent —C(O)OGRon the cyclohexyl moiety proved to be an interplaly
hyperconjugation and steric bulk of the substituent® In addition, thepolarity of the
cyclohexyl rest could be identified as anotheruafice on present conformational equilibria
which stabilizes thexial conformation of the CRsubstituent by a certain amodrit.

The corresponding substituted benzoic acid estefs cyclohexanol, 1,4-
dihydroxycyclohexane and 4-hydroxycyclohexanonspeetively, have not been synthesized
yet and studied adequately with respect to thearamdtional equilibria. In addition to the
former studies;® the effect of substituents at the aromatic moity be investigated with
regard to their effect on the conformation of thgelochexane ring. First studies on the
influence of p-substitution were relevant and the interplay odstn electronic substituent
effects with the polarity influence of the cyclolykxest could further clear up the topic. In
addition, the aromatic substituent on cyclohexamddincrease the coalescence temperature
of the six-membered ring interconversion of theydroxycyclohexanone esters by transition
state stabilizatiofi;these compounds have barriers to six-memberedimiegconversion of
only 5 to 6 kcal/mol and cannot be readily studi®dlow temperature dynamic NMR

spectroscopy.

2. Results
2.1 Syntheses

The cyclohexyl esters-7 and the diester8-9 (cf. Scheme 1) could be conventionally
synthesized from cyclohexanol and 1,4-dihydroxysliekane, respectively, and the
corresponding benzoic acid chlorides; all mono+ssier and the di-ester8-9 were purified
by column chromatography and could be isolatedhatyically pure crystalsc{. Scheme 1).
Di-estersl0-14could not be isolated in analytically pure form.

The cyclohexanone estel5-17 were synthesized from 1,4-dihydroxycyclohexane in
high yield in two steps: Selective oxidation of dnalroxy group by Jones reagent afforded

4-hydroxycyclohexanone in 75 % yieldhis intermediate and the final estés17are quite
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labile; thus, esterification with the various beitzacid chlorides required mild conditions.
After 4 hours reaction time in dichloromethane/gyre at 45° C the crude mixtures were
washed, the solvent removed and purified by colwhromatography; three estets-17
could be isolated as analytically pure crystalgand yields ¢f. Scheme L. Cyclohexanone
estersl8-21could not be isolated in analytically pure form.

The synthesis of thexo-methylene este22 was accomplished by Wittig reactfoof
the cyclohexanone est&? in 92% yield. Isolation of the analytically pureoguct on neutral
aluminum oxide was importantf( Experimental section), due to the instability of the alkene

and possible binding to silica gel.
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Scheme 1Compounds studied.
2.2 Theoretical calculations

The geometries of cyclohexyl monot—{7), di-esters &-14), the cyclohexanone
esters 1521 and the correspondirgxo-methylene analogu22 were fully optimized using
the Gaussian09° program employing ab initio calculations at theLB®/6-311G(d,p) level of
theory’®'* The self-consisted reaction field (SCRF) method #@he Integral Equation
Formalism using Polarized Continuum Model (IEFP&Myere used at the B3LYP/6-
311G(d,p) level of theory to consider the solvarttoroform was used in the calculations.
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The chemical shifts were calculated using the gamgeding atomic orbital (GIAO)
method*? at the B3LYP/6-311(d,p) level of theolyby subtracting the shieldings of the
protons and carbon atoms from tetramethylsilane{JMsed as a reference and calculated at
the same level of theory. The 3D structures weserlalized using SYBYL7.3 molecular
modelling softwaré?

In the moleculed-7 internal rotation around the C(4)—-O and C(=0)-@¥nds ¢f.
Scheme ] can generate stable conformations of differeetrgn A number of minima were
located on the energy hypersurface and only twdocorations each were found to be
significant for describing thequatorial and theaxial conformers, those labellegin andanti
in Fig. 1. The anti conformer proved to be more stable than $h@ analogue byca. 10
kcal/mol. The same is true for the di-est8rdl4, the cyclohexanone estelt$-21and the
exo-methylene analogu@2. Thus, only the preponderaanhti conformations of both the
equatorial (a) and theaxial conformers ) of 1-22were considered further.

As measure for the quality of the computed stmastiof1-22 the proton chemical
shifts of the latter compoundf( Experimental section) have been correlated wii th
corresponding computed-values; the regression coefficient of 0.99 proass excellent
correlation and hereby completely reliable strussuto be discussed with respect to

conformational items.
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(©) (d)

Figure 1. Preferred conformationsyn/anti concerning C(4)-O and O-C(=0)gXonds of
theequatorial (a,b) andaxial (c,d) conformers ofp-bromo-benzoic acid ester of cyclohexanol

(4).

The relevant information concerning the conforioraai equilibria ofLl-22is the free
energy difference between the correspondixigl/equatorial conformers (in case &-14 of
the axial,axial/equatorial,equatorial conformers) in CDGl as solvent; these values are

collected in Table 1.

Table 1. Energy differences (kcal/mol) betwearial/equatorial conformers ofl-7, 15-21,
22 and of theaxial,axial/equatorial,equatorial conformers 0f8—14 in CDCkL as solvent as
computed at the DFT B3LYP/6-311G* level of theory.

mono-esters di-esters cyclohexanone exo-methylene
esters ester

1 0.80 8 0.73 15 0.00 22 0.38

2 0.79 9 0.71 16 0.08

3 0.78 10 0.74 17 0.03

4 0.91 11 0.74 18 0.08

5 0.79 12 1.02 19 0.09

6 0.76 13 0.82 20 0.02

7 0.83 14  0.78 21 0.02
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2.3 Dynamic NMR studies

To begin with mono-1-7) and di-esters3-9) the six-membered ring interconversion,
which is fast at ambient temperature, could beilg&wzen at lower temperatures; at 173 K
the different signals of O-CH protons of the copmsdingaxial/equatorial conformers are
completely resolved and sharp enough to be quedtiThe two signals adxial/equatorial
conformers could be differentiated by their signwadths due to the different size qkdx (ca.
12 Hz) and & eqand Jxeqbothca. 3 Hz only; variable temperature spectra of O-Cblquns
for the mono-esteB and di-este9 are given inFig. 2 and 3, respectively. InFig. 3 the
corresponding'H NMR spectrum of the di-ested at 173 K is remarkable. The readily
assignable O-CH proton signals are clearly visibbgause two isomers of the di-est@r®
are synthetically obtained, two sets of signalslmaulifferentiated. The larger set (at 5.04 and
5.26 ppm) belongs to thees-isomer — O-CH signals of thexial proton and the corresponding
equatorial proton at the ratio of 1:1 — the smaller set (&84and 4.37 ppm, respectively)
belongs to théransisomer (with theax,ax andeq,eqconformers in equilibrium). The ratio of
the latter signals (as in case of the mono-esteas) measured and is the initial information,
the equilibrium constant K-= [ax,aX/[eq,eqd for the calculation of present conformational
equilibria ((AG°® = RT In K). The same procedure could be applied forek®methylene

ester22 but not for the cyclohexanone estébs-17

1 L ,
FW\Bﬂﬂ‘rm MI\MH"\ /
w il (U Y ’[9

g /| Ui \
WY AL A Al Y A :
FVLELW 1 | /

PW3a|IH TT 273K r 3 /[.9

F4 0 , / )

AT d - = T

1H TT 253K / \ ,‘7

¢ ] A =7 [
PAITT /

PYAS TH TT 233K —— /
86 L~

U N (N S . . ef
PWATT i ,‘f
il AN I8

i A ff
PIASTT VS /
PA3 1H TT 209K 1 d/ | /
a4 P W \ =
PIARTT ‘ \ \
P IH TTI93K /[ | 1 JI| lsee i /
33 4y .F[‘ | i s

4 2 Vi

PETT I\ 1/
P IR TT 183K | M/
22 oy /v 2
f L) — J ! g e W i
PATT [ / | ,‘f
PRI TTIZK [ [ \ L
i\ f \
11 A A y

— - . = .

T T T T T T T T T T T T T T T T
535 530 5.25 520 515 5.10 505 5.00 4.95 4.90 485 4.80
1 {ppmy

Figure 2.'"H NMR Spectra of O-CH proton of the mono-e&et various temperatures.
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Figure 3.'"H NMR Spectra of O-CH proton of the di-es@eat various temperatures.

In the latter case, the coalescence temperaturethef six-membered ring
interconversion JK proves to be too low to be even studied withltdoal probe head, which
is good enough down to 98 %even when studying the correspondifig NMR spectra (in a
freon mixture which is at 98 K still liquid for didient signal resolution.In case of-*C
NMR spectra, due to the multiple elongation of tegonance range, sufficiently raisedKr
values can be expecfe@tf. Fig. 4), however, not high enough to be studieth fie local
dynamic NMR equipmert.
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Figure 4.%°C NMR Spectra of the O-CH carbon (at 68.6 ppmhef¢yclohexanone est&v
at various temperatures.

Thus, direct information about the conformatioequilibria of 15-17is not available
by dynamic NMR spectroscopy, at least with the gmegquipment. ThEC signal of C(4)H
proves to be very near tQ/K (cf. Fig. 4), but not yet decoalesced to extract quantitatitied
conformational equilibrium. However, indirect confwational information is accessible from
the width of the O-CH proton signal at 1/12 sighalght Av(1/12)/Hz; in this position the
remarkably different and discriminating vicinal H,Ebupling constant are adequately
respected and the data thus obtained sufficientsualize the position of present
conformational equilibrid. As references the values of the mono-e8tat 173 K were
employed pv(1/12-axial) = 16 Hz andAv(1/12-equatorial) = 30 Hz]; with the experimental
value for cyclohexanone estér at 273 K Av(1/12 = 19 Hz)K = 3.7 and AG® = -0.71
kcal/mol] with heavy preference of tlagial conformer and this in opposite to mono- and di-
esters.

Finally, the’H NMR spectrum of thexo-methylene analogu22 could be analyzed at
103 K: the equilibrium constamt = 2.17 from [0.647]/[0.297] andAG° = 0.17 kcal/mol at
103 K, still preferring theequatorial conformer ¢f. Fig. 5). The dynamic NMR results have
been collected in Table 1.
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Table 2. Conformational equilibria (AG°/kcal/mol) of mono-estersl{7), di-esters &, 9
cyclohexanone estd7 and theexo-methylene analoguz?.

mono-esters di-esters cyclohexanone esi@r-methylene ester

0.58 8 0.23 17 -0.71 22 0.17
0.53 9 0.23

0.53

0.57

0.58

0.57

0.47

~No o~ WNE

When carefully studying the dynaniftC NMR spectra of the cyclohexanone edfér
another dynamic process could observed unexpedtefdiyig. 6). At 123 K the signals of the
two ortho/meta CH carbon atoms of the aromatic moiety start to lyetadened and are
completely decoalesced at 103 K, the lowest tenperaobtained. The basic dynamic

process can be analyzed:

TJK Av/Hz ke AG/Ikcal/mol at
(ortho) =CH- 118 90 200 5.4
(meta) =CH- 113 675 150 53

The ratio of the decoalesced signal is 1:1 in leaikes and the free energy of activation was
calculated to be 5.35 kcal/mol and can be onlyrdstricted rotation about the OCOp&
bond of the aromatic moiety. This kind of dynamimgess was not observed yet and,
obviously, proved to be a combined electronic/staffect of the 4-aromatic moiety on

cyclohexanone skeleton.
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3. Discussion

Theaxial conformer in the mono-esters (and &xel/axial conformer in the di-esters)
remarkably contributed to the conformational edpmiim but the equatorial (and
equatorial/equatorial conformers in8-14) are preferred. There is no clear trend in the
dependence of the position of the conformationaildgia (-AG®°) on the substituent at the
aromatic moiety, and this in both the experimeatad the computed values, respectively (
Tables 1and2). The portion of theaxial (axial/axial) conformers prove to be less in the
mono-esters (AG° ca. 0.5 to 0.6 kcal/mol) than in the di-ester&\G° = 0.23 kcal/mol); this
is experimentally observed but not confirmed by ttenputational results. The reason
therefore is the second ester group in the di-estdecules which increases the polarity of the
cyclohexane moiety and hereby the content ofs@ conformer®

The preference of thequatorial conformer in1-7 is impressively confirmed by the
results of the X-ray analysis: froy 6 and 7 crystals could be obtained which appear in
equatorial conformation ¢f. Fig. 7). The same can be concluded for the di-estersehery
adequate crystals fd8-14 could not be obtained. Differently behave the aclgekanone
esters; from the-chloro ested 7 crystals could be provided and the X-ray analgsisfirmed
the different preferred conformation, theial conformer, for this group of compounds; the

solid state structure df7 is included intd=ig. 7 as well.
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(a) (b)

(d)

Figure 7. X-ray structures of the mono-estdr), 6(b), 7(c) and of the cyclohexanone ester
17 (d).

The immense increase of thgal conformer in the conformational equilibria of the
cyclohexanone estell5-21 (17: —AG® = —0.71 kcal/mol; the computation results in about
similar portions ofaxial/equatoral conformers at the conformational equilibrium) daave
two reasons, (i) the increasing polarity of thelaliexanone moiety due to the additional
carbonyl group and (ii) the simultaneou$ bgbridization of C(4). The latter effect proves to
be responsible for the flattening of the saturai@emembered ring chair conformation which
is responsible for the ground state destabilizafiith respect to the transition state) of the
dynamic ring interconversion process lowering tbalescene temperature down to <100 K,
the reason why this dynamic process could notdmeefr in case of the studied cyclohexanone
esters. The effect of the position on the corredpmn conformational equilibria [heavily
preferring theaxial conformer yice infra)], in similar compounds have been attributed ® th
polar influence of the cyclohexanone skeletdrhe same reason could be important for the
position of the conformational equilibria of theepent cyclohexanone estéfs-21

However, this effect on the position of the confational equilibria ofl5-21can be

understood as the combined influence of both eybridization and the polarity of the
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carbonyl group on the other hand. In order to sspathe two effects, thexo-methylene
analog22 of the cyclohexanone est&7 has been synthesized; X-ray compatible crystals
could not be isolated but the liquid dynamic NMRdst is really informativedf. Fig. 5 and
Table 2): The portion of thequatorial conformer in22 is lowered compared with the mono-
esters, but far from that in the cyclohexanonerssthus, sphybridization of C(4) has some
influence on the increase of the portion of the¢al conformer: the corresponding effect
proves to be ca. 0.3 to 0.4 kcal/mol but with tber@€sponding effect of the carbonyl group in
17 (> 1 kcal/mol) remains the (now cleanly separateéd) to 0.7 kcal/mol impact which
comes from the polarity influence of the carbongup.

The effect of sphybridization on the conformational equilibriumtbe mono-esters is
obviously of about the same size as the polarifgcefof the second ester group in the

corresponding di-estersf(Table 2).

4. Conclusions

The conformational equilibria of a collectionmra-substituted benzoic acid esters of
cyclohexanol, 1,4-dihydroxycyclohexane, 4-hydroxglopexanonel-21 and of theexo-
methylene analo@?2 of the para-chloro ester of cyclohexanori/ have been studied by
guantum chemistry and characteristic examples bffalr groups of compounds also
experimentally by low temperature dynamic NMR spmsttopy. Free energy differences
betweenaxial and equatorial conformers K = [eg)/[ax]; —AG® = RT InK] have been
determined: thequatorial conformer proved to be the preferred one in monerggl-7) >
di-esters 8-14) > exo-methylene ester2@), only in the cyclohexanone est&b-21 the
portion of theaxial conformer increases to be the strongly preferredocmer:

(i) Substitution on theara-position of the aromatic moiety is without infllenon the
position of the conformational equilibrium.

(i) The axial,axial conformer in the di-esters is 0.3 to 0.4 kcal/marenstable than
the axial conformer in the conformational equilibria of tir@no-esters due to the increased
polarity of the cyclohexyl moiety.

(i) Similarly, the axial conformer in theexo-methylene ester is of about the same
larger stability than thexial,axial conformer in the conformational equilibrium of tde
esters. Thus, the effect of C(4Ydpybridization (mainly due to flattening of the tyltexane
skeleton) on the position of the conformational idgium of 22 agrees with the polarity

effect of the ester-substituted cyclohexane skelegtdhe diesters.
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(iv) The reason for the high preference of #xeal conformer in the cyclohexanone
esters proves to be (in addition to C(4¥ &pbridization -vide supra) the polarity of the
cyclohexanone moietyed. 0.9 kcal/mol).

(v) In addition to the elucidation of conformatanproperties of the present
cyclohexane esters, in the cyclohexanone estegestricted rotation about the OCQGz6
bond of the aromatic moiety to be 5.35 kcal/mol(if could be identified. This usually free
rotation gets restricted due to the combined edadatreffect of thepara-chloro substituent

and the steric effect of the whole benzoic acidresioiety.

5. Experimental section

5.1 General

All solvents and commercially available chemicadsre used as purchased or were
purified. The synthesis for the cyclohexanone estgre performed under argon atmosphere
with the use of standard Schlenk techniques. Ferdblumn chromatography silica gel
(Kieselgel 60) or neutral aluminum oxide was us”HdC was performed on silica gel sheets
(F 254). The NMR spectra were recorded with a Brggectrometer AVANCE 300. CIlI,
(>99.5 % ARMAR GmbH, Leipzig, Germany) and CDLI> 99.5 % ARMAR GmbH,
Leipzig, Germany) were used as solvent and TMSsnal standard, the chemical shifts,
related to CHCl, [d (*H) 5.31 ppmd (*3C) 53.7 ppm] and CHGI[d (*H) 7.26 ppmS (**C)
77.0 ppm] are given in parts per million downfiet TMS. Low temperaturéH and**C
NMR spectra were performed on the Bruker AVANCE 800 spectrometer in the solvent
mixture of CQCl, (> 99.5 % ARMAR GmbH, Leipzig, Germany) : CHFEI CHCLF=1:1
. 3 (the latter two from abcr GmbH, Karlsruhe, Gany). IR spectra were performed on a
Perkin-Elmer 1600 FT-IR spectrometer (PerkinEIm&SLGmbH, Rodgau, Germany). For
the elementary analysis an ELEMENTAR vario EL asatgr (Elementar Analysensysteme
GmbH, Langenselbold, Germany) was used. The X-ralyaes were performed on an

Imaging Plate Diffraction System, IPDS-2 (Stoe & @mbH, Darmstadt, Germany).



[15]

Ester R Yield (%)

1 Br 67 mono-ester

2 CHs 71 mono-ester

3 Cl 73 mono-ester

4 I 61 mono-ester

5 N(CHs)2 64 mono-ester

6 NO, 83 mono-ester

7 OCH; 71 mono-ester

8 CHs 58 di-ester

9 Cl 61 di-ester

15 NO, 70 cyclohexanone
16 CHs 65 cyclohexanone
17 Cl 67 cyclohexanone
22 Cl 92 exo-methylene

5.2 Synthesis of mono-esters 1-7.

1.0 g of cyclohexanol (10 mmol) was dissolved inmaxture of 150 mL dried
dichloromethane and 1.61 mL pyridine (20 mmol) &at°€ in a 250 mL one-necked round-
bottom flask, the corresponding acid chloride @qgliv.) was added and the solution stirred
and heated up to 45 °C. The reaction was perforameiér stirring and reflux for 4 hours at
45 °C. Subsequently, the reaction mixture was abolewn to room temperature and was
extracted three times with a HCl/water solutior8(@L HCI (1 N), 100 mL deionized water).
The organic phase was isolated, dried with sodiulfate and filtered. The solvent was
removed under vacuum and the esters purified bynwol chromatography (ethyl
acetate/hexane 4:1); estdr8 and5-7 were isolated as crystallized solids. Only edtevas

isolated as a yellowish oil.

5.2.1. Cyclohexyl-4-bromobenzoate (1) R = 0.73 (hexane/ethyl acetate 10:1; NMR (300
MHz, CD,Cl,, ppm)d = 7.90 (d, 2H, 11-H, 15-H), 7.56 (d, 2H, 12-H, #%-5.01 (sept, 1H,
4-H), 1.89 (m, 2H, 3-H, 5-H), 1.74 (m, 2H, 3-H, 5;H4.59-1.29 (m, 6H, 1-H, 2-H, 6-H}*C-
NMR (75 MHz, CQCl,, ppm) 8 =165.4 (C-8), 131.7 (C-12, C-14), 131.2 (C-111%);
130.1 (C-10), 127.86 (C-13), 73.5 (C-4), 31.7 (G=35), 25.6 (C-1), 23.8 (C-2, C-6). MS
(ESI): m/z calculated for @H150,Br: [M+H]": 282.0255; found: 282.0245.
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5.2.2. Cyclohexyl-4-methylbenzoate (2) Ri=0.71 (hexanelethyl acetate 10:PH-NMR
(300 MHz, CDCl,, ppm)d = 7.84 (d, 2H, 11-H, 15-H), 7.12 (d, 2H, 12-H, H}-4.92 (sept,
1H, 4-H), 2.29 (s, 3H, 16-H), 1.82 (m, 2H, 3-H, 5;#.65 (m, 2H, 3-H, 5-H), 1.51-1.21 (m,
6H, 1-H, 2-H, 6-H);**C-NMR (75 MHz, CDCl,, ppm)& = 166.1 (C-8), 143.3 (C-12, C-14),
129.6 (C-11, C-15), 129.0 (C-10), 128.46 (C-13)31Z-4), 31.8 (C-3, C-5), 25.6 (C-3, C-5),
23.8 (C-1), 21.7 (C-16). MS (ESlv/z calculated for @H1g0,: [M+H]™: 218.1307; found:
218.13009.

5.2.3. Cyclohexyl-4-chlorobenzoate (3) R; = 0.74 (hexane/ethyl acetate 10'H}NMR (300
MHz, CD,Cl,, ppm)é = 7.97 (d, 2H, 11-H, 15-H), 7.4 (d, 2H, 12-H, 13-8.01 (sept, 1H, 4-
H), 1.98 (m, 2H, 3-H, 5-H), 1.71 (m, 2H, 3-H, 5-H)64-1.39 (m, 6H, 1-H, 2-H, 6-H}’C-
NMR (75 MHz, CQCl,, ppm)d =165.3 (C-8), 139.24 (C-12, C-14), 131.1 (C-1115],
129.7 (C-10), 128.75 (C-13), 73.57 (C-4), 31.7 (G=3), 25.6 (C-1), 23.82 (C-2, C-6). MS
(ESI): m/z calculated for GH15s0,Cl: [M+H]*: 238.0761; found: 238.0765.

5.2.4. Cyclohexyl-4-iodobenzoate (4) R; = 0.65 (hexanelethyl acetate 10:ij-NMR (300
MHz, CD,Cl,, ppm)é = 7.78 (d, 2H, 11-H, 15-H), 7.73 (d, 2H, 12-H, #%-5.00 (sept, 1H,
4-H), 1.98 (m, 2H, 3-H, 5-H), 1.81 (m, 2H, 3-H, 5;H.67-1.46 (m, 6H, 1-H, 2-H, 6-H}*C-
NMR (75 MHz, CBCl,, ppm)d =165.5 (C-8), 137.72 (C-12, C-14), 131.1 (C-1115]},
130.6 (C-10), 100.43 (C-13), 73.5 (C-4), 31.7 (G=35), 25.6 (C-1), 23.7 (C-2, C-6). IR
(film): v = 2953, 2857, 1716, 1586, 1280, 1055, &68". elemental analysis calculated (%)
for Ci13H15001 (329.55): C 47.3, H 4.5; found: C 47.66, H 4.3SNESI): m/z calculated for
C13H150,l: [M+H] *: 330.0117; found: 330.0110.

5.2.5. Cyclohexyl-4-(dimethylamino)benzoate (5); ‘H-NMR (300 MHz, CDCl,, ppm)

6 =7.85(d, 2H, 11-H, 15-H), 6.57 (d, 2H, 12-H, H}-4.90 (sept, 1H, 4-H), 2.96 (s, 6H, 16-
H), 1.82 (m, 2H, 3-H, 5-H), 1.68 (m, 2H, 3-H, 5-H)67-1.21 (m, 6H, 1-H, 2-H, 6-HJ*C-
NMR (75 MHz, CDCl,, ppm)d = 166.6 (C-8), 153.4 (C-13), 131.35 (C-12, C-14)8.1 (C-
10), 110.9 (C-11, C-15), 128.75 (C-13), 72.1 (C4),2 (C-3, C-5), 31.9 (C-16), 25.8 (C-1),
23.9 (C-2, C-6). IR (solid)v = 2932, 2855, 1688, 1601, 1314, 1179, 1037, 770.cMS
(ESI): m/z calculated for @H10,N: [M+H]™: 247.1572; found: 247.1562.
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5.2.6. Cyclohexyl-4-nitrobenzoate (6) R = 0.69 (hexane/ethyl acetate 10:i-NMR (300
MHz, CD,Cl,, ppm)é = 8.28 (d, 2H, 11-H, 15-H), 8.20 (d, 2H, 12-H, H%-5.06 (sept, 1H,
4-H), 2.02 (m, 2H, 3-H, 5-H), 1.87 (m, 2H, 3-H, 5;H.67-1.47 (m, 6H, 1-H, 2-H, 6-H}*C-
NMR (75 MHz, CQCl,, ppm)d = 164.2 (C-8), 149.5 (C-10), 136.5 (C-12, C-180.8 (C-
13), 123.6 (C-11, C-15), 74.6 (C-4), 31.7 (C-3,)CZ5.5 (C-1), 23.8 (C-2, C-6). MS (ESI):
m/z calculated for GH1s04N: [M+H]™: 249.1001; found: 249.1004.

5.2.7. Cyclohexyl-4-methoxybenzoate (7) R; = 0.56 (hexane/ethyl acetate 10:H:NMR (300
MHz, CD,Cl,, ppm)d = 7.99 (d, 2H, 11-H, 15-H), 6.89 (d, 2H, 12-H, H%-4.98 (sept, 1H,
4-H), 3.83 (s, 3H, 16-H), 1.91 (m, 2H, 3-H, 5-H)83 (m, 2H, 3-H, 5-H), 1.65-1.39 (m, 6H,
1-H, 2-H, 6-H);**C-NMR (75 MHz, CDCl,, ppm)3 = 165.8 (C-8), 163.3 (C-10), 131.6 (C-
12, C-14), 123.6 (C-13), 113.6 (C-11, C-15), 7Z74), 55.5 (C-16), 31.8 (C-3, C-5), 25.6
(C-1), 23.8 (C-2, C-6). MS (ESIn/z calculated for gyH1g03: [M+H]™: 234.1256; found:
234.1248.

5.3. Synthesis of di-esters 8-15.

1.74 g of 1,4-cyclohexanediol (15 mmol) was digedl in 100 mL of dried
dichloromethane at room temperature in a 250 mL-regeked round-bottom flask. 4.8 mL
pyridine (60 mmol) and the corresponding acid dbder(2.2 equiv) were added and
dissolved. The reaction mixture was stirred andtdteaip to 45 °C. The reaction was
performed under stirring and reflux for 4 hourgtat°C. Afterwards, the solution was cooled
down to room temperature and extracted three tim#sa HCl/water solution (2.3 mL HCI
(1 N), 100 mL deionized water). The mixture waedrby adding sodium sulfate and filtering
afterwards. The solvent was removed under vacuudch tha esters purified by column
chromatography (methyert-butyl ether/hexane 2:5); both the cis- and thestidiesters as

mixtures were obtainedf( Fig. 3). Only the estei®-9 could be isolated as crystalline solids.

5.3.1. Cyclohexane-1,4-diyl bis(4-methylbenzoate) (8); *H-NMR (300 MHz, CBCl,, ppm)
§=7.98 (d, 4H, 11-H, 15-H, 21-H, 25-H), 7.26 (&#,412-H, 14-H, 22-H, 24-H), 5.11 (sept,
2H, 1-H, 4-H), 2.4 (s, 6H, 16-H, 26-H), 2.16-1.6,@H, 2-H, 3-H, 4-H, 6-H)**C-NMR (75
MHz, CD,Cl,, ppm)& = 166.4 (C-8, C-18), 144.2 (C-13, C-23), 131.11(%-C-20), 130.1 (C-
11, C-15, C-21, C-25), 129.6 (C-12, C-14, C22, ¢-74.6 (C-1, C-4), 28,3 (C-2,C-3, C-5,
C-6), 21,9 (C-16, C-26). IR (solidy:= 2954, 2926, 2855, 1719, 1360, 1270, 1102, 754.cm
MS (ESI):m/z calculated for gH,404: [M+H]™: 352.1675; found: 352.1654.
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5.3.2. Cyclohexane-1,4-diyl bis(4-chlorobenzoate) (9); *H-NMR (300 MHz, CDBCl,, ppm)
6=7.93 (d, 4H, 11-H, 15-H, 21-H, 25-H), 7.35 (d4,412-H, 14-H, 22-H, 24-H), 5.07 (sept,
2H, 1-H, 4-H), 2.1-1.5 (m, 8H, 2-H, 3-H, 4-H, 6-HYC-NMR (75 MHz, CDCl,, ppm)

6 =165.3 (C-8, C-18), 139.6 (C-13, C-23), 131.11(C-C-15, C-21, C-25), 129.3 (C-10, C-
20), 129.2 (C-12, C-14, C22, C-24), 71.8 (C-1, C2B.0 (C-2,C-3, C-5, C-6). IR (solid):
v = 3056, 2945, 2869, 1704, 1612, 1273, 1034, 752'.ctMS (ESI): m/z calculated for
Ca0H1804Cl2: [M+H]™: 392.0582; found: 392.0561.

5.4. Synthesis of cyclohexanone esters 15-21

In a precursor step, 1.5 mL of 4-hydroxylcycloheoxae (15 mmol) were synthesiZed
and dissolved directly under argon atmosphere thriib dried dichloromethane in a 250 mL
one-necked round-bottom flaskAfterwards, 2.4 mL of pyridine (30 mmol) and the
corresponding acid chloride (1.1 equiv) were adddte reaction mixture was stirred and
heated up to 45 °C. The esterification was perforonader stirring for 4 hours at 45 °C. After
cooling down to room temperature the solution wesaeted three times with a HCl/water
solution (2.3 mL HCI (1 N), 100 mL deionized watefhe organic phase was dried over
sodium sulfate and filtered. The solvent was rerdaweder vacuum and the esters purified by
column chromatography (methtgrt-butyl ether/hexane 8:1). Only the cyclohexanorteres
15-17could be isolated as crystalline solids.

5.4.1. 4-Oxo-cyclohexyl 4-nitrobenzoate (15) R =0.77 (hexane/dichlormethane 1:4)-
NMR (300 MHz, CBCl,, ppm)é = 8.25 (d, 2H, 11-H, 15-H), 8.15 (d, 2H, 12-H, #%-5.41
(sept, 1H, 4-H), 2.55 (m, 2H, 2-H, 6-H), 2.4 (m,,B4H, 5-H), 2.31-2.16 (m, 4H, 3-H, 5-H,
2-H, 6-H); *C-NMR (75 MHz, CDCl,, ppm)& = 209.2 (C-1), 164.1 (C-8), 150.9 (C-13),
135.7 (C-10), 130.7 (C-11, C-15), 123.7 (C-12, ¢-X0.5 (C-4), 37.2 (C-2, C-6), 30.4 (C-3,
C-5). IR (solid):v = 3107, 2956, 1720, 1524, 1274, 1119, 874 cnelemental analysis
calculated (%) for &H130sN (262.91): C 59.3, H 4.9, N 5.3; found: C 59.4416, N 5.1.
MS (ESI):m/z calculated for gH130sN: [M+H]*: 263.0794; found: 263.0780.

5.4.2. 4-Oxo-cyclohexyl 4-methylbenzoate (16) R = 0.61 (hexane/MTBE 2:5{H-NMR (300
MHz, CD,Cl,, ppm)é = 7.87 (d, 2H, 11-H, 15-H), 7.18 (d, 2H, 12-H, #%-5.34 (sept, 1H,
4-H), 2.58 (m, 2H, 3-H, 5-H), 2.34 (m, 2H, 2-H, §;12.3-2.0 (m, 4H, 3-H, 5-H, 2-H, 6-H);
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¥C-NMR (75 MHz, CBCl,, ppm)5 = 210.1 (C-1), 166.1 (C-8), 144.2 (C-13), 130.51(%;
C-14), 129.5 (C-11, C-15), 127.8 (C-10), 69.1 (C3H.6 (C-2, C-6), 30.9 (C-3, C-5), 21.2
(C-16). IR (solid):v = 2953, 2898, 1715, 1612, 1275, 1152, 754'cvS (ESI): m/z
calculated for GH1605; [M+H]™: 232.1099; found: 232.1103.

5.4.3. 4-Oxo-cyclohexyl 4-chlorobenzoate (17) R; = 0.88 (hexane/MTBE 2:5fH-NMR (300
MHz, CD,Cl,, ppm)é = 7.92 (d, 2H, 11-H, 15-H), 7.37 (d, 2H, 12-H, #%-5.31 (sept, 1H,
4-H), 2.49 (m, 2H, 3-H, 5-H), 2.31 (m, 2H, 2-H, §;12.2-2.0 (m, 4H, 3-H, 5-H, 2-H, 6-H);
¥C-NMR (75 MHz, CDBCl,, ppm)s = 208.9 (C-1) 164.8 (C-8), 139.3 (C-13), 130.91(%;-
C-14), 129.3 (C-10), 128.95 (C-11, C-15), 69.6 (C3¥.2 (C-2, C-6), 30.4 (C-3, C-5). IR
(solid): v = 2953, 2853, 1716, 1592, 1268, 1118, 909 ckIS (ESI): m/z calculated for
C13H1303Cl: [M+H]™: 252.0553; found: 252.0557.

5.5. Synthesis of the@xo-methylene analog 22.

In analogy to ethykexo-methylene cyclohexarn@,a 2M solution of butyl lithium in
hexane (5 mL, 10.0 mmol) was mixed with 100 mL wifiydrous diethyl ether under nitrogen
atmosphere at room temperature. Solid triphenylghetiosphonium bromide (3.60 g, 10.0
mmol) was added in small portions within 30 mintlas temperature and the mixture was
stirred for 4 h. A solution of cyclohexanone esiér (2.52 g, 10.0 mmol) in 10 mL of
anhydrous diethyl ether was added within 2 min tx@dmixture was stirred for additional 20
h. The mixture was poured onto 100 mL of waterraoted with pentane (3 x 100 mL), and
the combined organic phases were dried (MgS&hd concentrated in vacuo. The crude
product was purified on 50 g of neutral aluminunmdexto afford 2.90 (92%) of thexo-

methylene analog2 as a colorless liquid in analytically pure form.

5.5.1. 4-Methylene-cyclohexyl 4-chlorobenzoate (22) R = 0.17 on aluminum oxide (pentane);
'H NMR (600 MHz, CDC} ppm) 8 = 7.96 (d, 2H, 11-H, 15-H), 7.38 (d, 2H, 12-H, H}-
5.17 (sept, 1H, 4-H), 4.70 (s, 2H, 9-H), 2.40 (H, 2-H, 6-H), 2.19 (m, 2H, 2-H, 6-H), 1.98
(m, 2H, 3-H, 5-H), 1.76 (m, 2H, 3-H, 5-H)’C NMR (150 MHz, CDG, ppm)é = 165.1 (C-
8), 147.1 (C-1), 139.3 (C-13), 131.0 (C-11, C-1®)9.3 (C-10), 128.7 (C-12, C-14), 108.5
(C-9), 72.2 (C-4), 32.3 (C-2, C-6), 31.4 (C-3, C-B} (film): v =2979, 1714, 1594, 1269,
1086, 893 cnt. elemental analysis calculated (%) foul€:sClO, (250.72): C 67.07, H 6.03;
found: C 66.82, H 6.29.
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Graphical Abstract:

Synthesis and NMR spectroscopic conformational angsis of benzoic acid esters of
mono- and 1,4-dihydroxycyclohexane, 4-hydroxycycla@xanone and the -ene
analogue—the more polar the molecule the more stabdtheaxial conformer
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