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Abstract: A series of p-substituted phenylhydrazones of trifluoroacetajdieh (1) was
synthesized and the azo-hydrazd—-2) tautomeric equilibrium was investigated
experimentally using correlation analysis and componally with DFT methods.
Investigation revealed strong impact of the substit and solvent polarity on the tautomeric
ratio (1/2). Calculations also revealed that acidity of tze éautomers is similar to that of

malonate esters.
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Introduction
Tautomeric equilibria in the RCH-X=Y system invaigi 1,3 proton transfer have

been thoroughly investigated in e.g. carbonyl conmgis (keto-enol equilibriuma—lla, X =
CR’, Y = O, Figure 1) and for nitroso derivativdbIb, X = N, Y = O)}?In contrast, the
analogous tautomerism of hydrazones is far les$ kvedwn in the literaturé. Although
examples of complete tautomerisation of severallazto hydrazondlc derivatives (R =
alkyl, R’ = aryl, alkylf®?and base-induced tautomerisation of hydradtmeo azolc (R =
alkyl, R” = Ph¥ have been reported, to the best of our knowledgequilibrating azo-
hydrazone tautomeric systems of typellc have been studied in detail thus ¥adere we

investigate such an equilibrium for a series obfal derivatives (R = G-
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Figure 1. Tautomeric equilibriadl for carbonyl &), nitroso b), and azod) compounds.

The trifluoromethyl group attracts considerableemtibn in the context of the
preparation of biologically active compoundsd other materials, such as liquid crystdts.
a series of papers, several hydrazones of ligpéR = CFk;) were demonstrated as a superior
building blocks for the construction of N heterodycsystems, mainly pyrazole and
pyridazine derivative$,including compounds of biological importan@The report by the
Rueping group on enantioselective synthesis dtitmbmethylated 1,4-dihydropyridazines is
especially worth mentioning. Interestingly, the key step in this reaction ipaently C-
nucleophilic attack of the hydrazome (R = CF) facilitated by increased importance the

1,3-dipolar resonance form (Figure’?).
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Figure 2.Two resonance forms of trifluoroacetaldehyde hydnaz.

The azo tautomerk (R = CF) have not been described in the literature, atjhou
they could also be useful in construction of toflomethylated pyridazines through a hetero-
Diels-Alder reaction, as has been demonstrateddore other arylazoalkan®s.

Recently, we also used hydrazohles(R = CR) to introduce the Gfgroup as a polar
substituent in liquid crystalline derivatives of ridazyl?® We observed that one of the
intermediates, hydrazonga, exists in equilibrium with its azo forrRa (Figure 3). We
speculated, that the position of the equilibriurougt correlate with electron density in tite
system modulated by a substituent on the phengl &md also reflect on the nucleophilic
nature of the C atom in hydrazonés Therefore, a series of trifluoroacetaldehyple
substituted phenylhydrazone$a-1k, was synthesized and investigated in detail in the
context of tautomeric equilibrium with the corresding azo form2 (Figure 3). Here we
demonstrate experimental and computational resfilitse substituent and solvent effects on
the equilibrium position in the tautomeric pairs2, and provide more insight into synthetic

applications of the hydrazones.
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a, X=0Bn; b, X=0Me; c, X=Me;d, X=H;e, X=F; f, X=0COPh;
g, X=CI; h, X=COOMe; i, X = CF3; j, X = CN; k, X =NO,

Figure 3. Azo-hydrazo tautomeric equilibrids2 for fluoral derivatives.



Results and Discussion

p-Substituted phenylhydrazonds—1k were obtained in the pure form in 38-94%
yields according to a general procedfitey heating methanolic solutions of the appropriate
hydrazine3 and fluoral hydratd in a closed ampoule at ?& overnight, in the presence of
molecular sieves 4A (Scheme 1). The lowest yield lztained for the hydrazone bearing the

methoxycarbonyl substituertt) due to its limited stability in solutions and islodtate.
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Scheme 1. Synthesis of hydrazofieReaction conditions: a) MeOH, mol sieves 4A, etbampoule,
75°C, 16h.

Initial experiments were conducted with 4-benzyldxydrazonela. Its attempted
purification by column chromatography on silica ¢gled, and only the corresponding azo
derivative 2a was obtained in 30% vyield, presumably as a residltacid-catalyzed
isomerisation accompanied by partial hydrolysighe hydrazonela. Derivative 2a is the
only azo compound in the series that was isolatede pure form.

The 'H-NMR spectrum of a freshly recrystallized sampfela, taken in CDG,
showed a single set of signals indicating the presef the pure hydrazone. The diagnostic
signal attributed to the azomethine hydrogenHEE;) was found at 6.91 (qdu.4 = 1.4 Hz,
Jur = 4.1 Hz) ppm. After 30 min th#H-NMR spectrum showed the appearance of a new
single set of signals attributed to ttnans-azo tautomeRa with the characteristic signals of
the CH,CF; group at 4.43 (qJw-r = 9.7 Hz) ppm. Further monitoring of the samplevgéd,

that after 10 hrs the mixture @b—2a equilibrated at 27:73 ratio (Figure 4). Kineticalysis



of the data indicates a first-order process withta ofk = 1.79(6)x1C min’. Similarly, pure

2adissolved in CDGlgave the same ratio of tautomers within a few siour
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Figure 4. Formation of azda in a CDC} solution at ambient temperature by tautomerizatibthe
hydrazono formia.

The isolation of purda and2a permitted analysis of electronic absorption s@efudr
the individual tautomers, which were recorded inQWeand are shown in Figure 5. Both
compounds showed single strong absorption bandavmtiaximum at about 290 nm, and with
a shoulder absorption at about 320 nm. In additioa,orange azo tautom2a exhibits two

weak overlapping absorption bands at about 40Ga0cm.
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Figure 5. Electronic absorption spectrafar(blue) and?a (red) in CHCN.



Interestingly, exposure of the NMR tube containiing equilibrium mixture ofla and
2a to sunlight for 2 hrs shifted the equilibrium tanaarly equimolar ratio of the tautomers
(52:48). Longer exposure to sunlight showed ndhknrthanges in the ratio, while storing the
sample in the dark overnight shifted the equilibribback to the original tautomeric
equilibrium ofla—2a. No such photo-induced changes were observetcfior CDCl.

'H-NMR spectra of other hydrazonesb-1f, also showed the formation of the
respective tautomeric azo forr@b-2f, with the equilibrium points reached typically ki
8-14 hrs in CDGl However, in the case of derivatives containingorsjly electron
withdrawing groups, COOMéELh), CF; (1i), CN (1)), and NQ (1k), only trace amounts of
the corresponding azo derivatives (<3%) were oleskriPure azo tautome2d—2f could not
be isolated and they were investigated as mixtwitsthe hydrazono forms.

As in the case ofla—2a, the ratio of the tautomerkK (Table 1) was typically
established using the characteristic signals in ¥HeNMR spectra attributed to the
azomethine (6.90-7.13 ppm range) and methyleneolgdr atoms (4.43—-4.53 ppm range).
Similar diagnostic chemical shifts were found i tiC-NMR spectra of the series: signals
attributed to NEH-CF; atom were located in the range 121.3—-122JZ{ = 39 Hz) ppm,
whereas signals of the 8H,-CF; carbon atom were found in the region 68.5-68184 = 29
Hz) ppm.

In general, increasing the electron-withdrawing rabter of the substituent X
decreases shielding of the diagnostit and *C nuclei in both series of compounds,
hydrazonesl and aza2 (Figure 6). In contrast®F nuclei are shielded in hydrazoresnd
deshielded in az@ by electron-withdrawing substituents. Detailedlgsia of chemical shifts
in both series of compounds demonstrated that¢baglate with the substituent Hammejt

paranleteit.l The correlation is clearly non-linear and can iteed to a quadratic function.
y
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Interestingly, the orientation of the parabolitifig curve is different for each series reflecting
differences in the mechanisms modulating the aactiensity around the monitored nuclei:
in the hydrazones the sp-hybridized carbon atom is part of the conjugatedyaof atoms to
which the fluorine atoms are hyperconjugated, winlthe azo tautomeiathe 1t conjugation

stops at the nitrogen atom (Figure 7).
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Figure 6. Correlation of the difference’id, °C, and'*F chemical shifts/d = 5,— dy) for series of
hydrazoned (black) and azo derivatives(red).
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Figure 7. Selected resonance structure4 tomd2.

Table 1 Experimental and theoretical equilibrium constarfibr tautomers. and2.

R Kexp® Kealcd” 0p°

a OBn 0.4 - g

b OMe 0.3 2.1 -0.27
c Me 1.8 29.2 -0.17
d H 6.1 64.9 0.00
e F 2.0 16.9 0.06
f PhCOO 4.0 - 0.13
g Cl 6.7 390 0.23
h COOMe 49 3250 0.45
i CF; 99 3130 0.54
i CN 199 8734 0.66
k NO, ~1C° 33990 0.78

& equilibrium after 5 d (r.t., in dark) in CDg$olution

® M062X/6-31G(2d,p) calculations in the CR®hedium
Cref!t

4 hot known

¢ partial decomposition dfh and2h in CDC} solution.

Quantitative analysis of the results in Table 1 destrates that thdog of
experimentalKex, values correlate well with substituent parametegs(Figure 8). Two
datapoints, for Hd) and Me ¢), appear to fit poorly the correlation, althougkey follow the
trend in the series. When they are excluded, their@ng datapoints are well fitted into a
linear function with a high correlation factof. rSimilar analysis of the DFT-calculated
equilibrium constant valuelSieor alSo demonstrates a linear correlation vaghvalues. For

the best linear fit, two theoretical datapoints @vercluded from the correlation. Interestingly,

9



datapoints poorly fitting the theoretical correbatiarert donors, MeOlf) and F €), while in

fitting the experimental data two sigma donors, (deand H ¢l) are outside the correlation.
A comparison of the two fitting lines in Figure Basvs that DFT calculations excessively
favor the hydrazono tautomer by a factor of ab@u{og ~ 1.7) relative to the experimental

results.
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Figure 8. A plot of experimental (black) and ca#tal (red) equilibrium constanisfor 1-2 against

substituent parametes,. Best fitting lines without the open-circle dataps: l0gKex, = 3.15>0,
+0.22, f = 0.99;l0gK preor = 3.21>0, + 1.91, f = 0.99.

The observed trends and correlations are consistigmtresonance forms and charge
delocalization shown for both tautomers in Figuréhe electron withdrawing substituents X
are good acceptors of the lone pair of the hydrazpoup inl, while the azo group i@ is a
good acceptor of electron density from the electtonating groups X. As evident from the
DFT optimized geometry ofd and2d, the azo and hydrazo groups are co-planar with the

benzene ring allowing for full conjugation (Figuag

Figure 9. Molecular geometry fdd (left) and2d (right) obtained at the M06-2x/6-31G(2d,p) levél o
theory.
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The position of the tautomeric equilibrium for tmbroacetaldehyde-tolylhydrazone
(10) was investigated in several solvents at ambiemperature byH-NMR spectroscopy
and chemical shifts are listed in Table 2. The ldguim 1c-2c was reached within 8-10 hrs
in CDCl; and CDCI, solvents, 1 day for CITN, and the slowest appearance of the azo
tautomer was observed for benzene (4 days) and DMS0lutions (1 week). In another
experiment, &R2:1 mixture of tautomersc-2c (obtained after evaporation of the solvent from
equilibrated mixture in CDGlsolution) was kept in DMS®@s to give almost pure hydrazono
tautomer after 6 days.

The observed behavior dfc in various solvents is consistent with acid—catedy
tautomerization. Thus, in commercial chlorinatet/aots, the tautomeric interconversion is
accelerated by the residual acid (DCI). As expeaggdosure of freshly prepared solutions of
1c to HCI vapors resulted in reaching the equilibripmints within a few minutes and the

resulting equilibrium constants are listed in Table 3.

Table 2 Chemical shift$ (ppm) in*"H-NMR spectra ofi.c and2cin different solvents.

> 2 1

H 1 .
. 1 N, = 3 LN A~
HaC HsC

1c 2c

Tautomeric Solvent 1-H N-H 2-H 3-H CH Jur (H2)
CDCl; 6.92 7.89 7.10 6.98 2.30 4.1

1c CD,Cl, 6.97 8.03 7.12 6.98 2.29 4.2
CsDs 5.81 6.55 6.92 6.80 2.09 4.2
CDsCN 7.12 9.15 7.11 6.96 2.26 4.4
DMSO-dg 7.26 10.97 7.08 6.94 2.22 4.5
CDCl; 4.46 - 7.66 7.28 2.42 9.7

2c CD.Cl, 4.48 - 7.66 7.31 2.42 9.8
CsDs 3.99 - 7.69 6.88 1.97 9.8
CDsCN 457 - 7.64 7.35 241 10.1
DMSO-dg 4.81 - 7.63 7.38 2.39 10.5
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Results shown in Table 3 demonstrate that, withetteeption of benzene, increasing
dielectric strength of the solvent increasinglydes/the hydrazono tautoméc over the azo
2c. Quantitative analysis shows that the four expental valuesKe,, and six calculated
equilibrium constant&neor correlate well with the solvent parameteysg (Figure 10§ One
possible reason for the experimental datapoinb&mzene solution being significantly off the
correlation, is related to specific solvation amdrt interactions of the solvent with one of the
tautomers. The observed distribution of tautomergquilibrium is due to higher dielectric
dipole moment of the hydrazono fortuo (3.52 D calculated in vacuum) than the azo tautome

2c¢(2.87 D in vacuum) and its greater stabilizatiopolar solvents.

Table 3. Experimental and calculated equilibrium constarfor 1c-2c in selected solvents at room
temperature.

Solvent Kexp K caled € ET(30)
CDCly 1.8 29.2 4.7 39.1
CD,Cl, 3.3 50.9 8.9 40.7
CD:CN 32.3 89.0 35.7 45.6
DMSO 49.0 93.5 46.8 45.1
CsDs 4.9 11.3 2.3 34.3

2.0
log K

o °
1.5 .
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Figure 10. A plot of experimental (black) and thetimal data (red) for log (K) ofc—2cvrs solvent
parameter Fsq V—vacuum, B-benzene, C—chloroform, M—methylentrate, A—acetonitrile, D—
dimethyl sulfoxide. Best fit line: experimental hitut B, log Key, = 0.218xE(30) — 8.32, f = 0.97;
theoretical og Kineor= 0.076%E30)— 1.49, f = 0.988.
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Although the tautomerization df to 2 is an acid catalyzed process, interestingly,
hydrazoneld does not tautomerize 1l under the reaction conditions used by Ruefifay
construction of the pyridazine ring. Thd#|-NMR analysis of a mixture ofd, AcOH (0.4
equiv.), and proline (0.2 equiv.) in GO, at ambient temperature revealed no traceadof
even after 24 hrs. This indicates that the acelid & too weak to effect tautomerization and
that the nucleophilicity of the hydrazorel is solely due to the resonance form shown in
Figure 2, rather than deprotonation of the azo form

To assess the acidity of the azo tautorbdr acid-base equilibrium reactions for
malononitrile pK, = 11.0}? with 1d and several other known C—H acids were investijate
with the DFT methods in DMSO dielectric medium,saswn in Scheme 2. A comparison of
computational and experimenitatesults for four model compounds (Table 4) denauess
that the calculatedK, values are generally higher by a couplglf, units, but otherwise in
fairly good agreement with the experimental datamstdering that some conformational and
tautomeric effects are not fully implemented in thdeling. Similar analysis for azo
compoundld shows the calculatgoK, value of 16.3, which is lower than that calculated
diethyl malonate (17.7). Interestingly, substitgtiof the COOEt for Cfin 1d has a marked
effect on acidity and ethyl phenylazoacetate ha&avalue similar to that of malononitrile
(Table 4). Thus, the acidity of the azo tautorbérs similar to that of a malonate ester and
suggests that the anion could be generated underconditions offering a new synthetically
useful intermediate.

©

e
CH(CN), + R-H

CH,(CN), + R

Scheme 2. Acid-base equilibrium for malononitritel&C-H acids.
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Table 4. Calculated and experimenia{ , values in DMSO for selected compounds.

acid o
Calcd? Exp "
CH,(COOE) 177 164
PhCHCOOEt 24.9 22.6
PhCH=NNHPh 22.7 21.1
PhCH=NCHCOOEt 19.5 19.5
PhN=NCHCOOEt 11.3 =
PhN=NCH,CF5 16.3 1

4 pK, (R-H) = AGdRT + 11.0.AG,s for the equilibrium reaction in Scheme 2 was dalfmd with
MO06-2x/6-31+G(2d,p) // M06-2x/6-31G(2d,p) leveltbkory with the PCM solvation model (DMSO).
® From ref. 12.

Conclusions

Results demonstrate that the ;C§roup provides an appropriate balance of the
electronic structure, such that both tautomerien®&rhydrazono and azo, are observed at
equilibrium. The equilibration of the tautomersas acid-catalyzed process, which occurs
slowly with natural concentration of acid in chiwmated solvents, and much more rapidly upon
exposure to HCI vapors. Weaker acids, such as Aaf@Hneffective for the tautomerization
process. Chemical shifts of diagnostic nuclei aositpn of the equilibrium are conveniently
investigated by correlation analysis with substituparameters and well modeled by DFT
methods. Results of correlation analysis of the NM&a are consistent with different
mechanisms of modulation of electron density aroti nuclei in the hydrazone and azo
series. The position of the hydrazono-azo equilibridepends on the solvent polarity,
presumably due to the difference in the molecuiold moments of the two forms.

Acid catalyzed tautomerization of easily availablglrazonesl provides convenient
access to azo tautome2sthat might be important building blocks for comstion of the

pyridazine skeletownia the hetero-Diels-Alder process. The azo tautorasgsalso predicted

14



to be relatively acidic, which suggests their polgessynthetic applications in the carbanion

chemistry.

Computational Details

Quantum-mechanical calculations were carried omguihe Gaussian 09 suite of programs.
Geometry optimizations for unconstrained tautomeese undertaken at the MO062X/6-
31G(2d,p) level of theol§ using tight convergence limits. Orliyans-azo derivative® were
considered in accordance to experimental obsenstend all compounds were subjected to
limited conformational search for the global mininZero point energies were scaled by
0.9806' Calculations in solvent dielectric media were perfed at the M062X/6-
31+G(2d,p) // M062X/6-31G(2d,p) level of theory nithe PCM modé! requested with the

SCRF(Solventrame) keyword.

Experimental Part

General. Solvents and reagents were purchased and use@cas/ed without further
purification. Products were purified by flash chatwgraphy on silica gel (230-400 mesh,
Merck or Fluka). Unless stated otherwise, yieldgrréo analytically pure samples. NMR
spectra were recorded on a Bruker AVIII 600 insteatn Chemical shifts are reported relative
to solvent residual peak$H NMR: & = 1.94 ppm [CBCN], & = 2.50 ppm [DMSQdg], 5 =
5.32 ppm [CBCl,], 5 = 7.16 ppm [@Dg], & = 7.26 ppm [CDGJ; *C NMR: § = 77.0 ppm
[CDCl3])."” For detailed peak assignments 2D spectra were uregaCOSY, HMQC,
HMBC). IR spectra were measured with a FTIR NEXp8ctrometer (as KBr pellets or thin
films). MS were performed with a Finnigan MAT-95 ar Varian 500-MS LC lon Trap
instrument. UV-vis were measured on Perkin EImemhda 45 spectrometer. Elemental

analyses were obtained with a Vario EL Il (Elenagmnalysensysteme GmbH) instrument.
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Melting points were determined in capillaries wahSMP30 apparatus (Stuart) or with a

MEL-TEMP Il apparatus (Aldrich) and are uncorrected

Starting materials. Hydrazines3b-e,g,i-k are commercially available (TCI, Aldrich) as
hydrochloride salts or as a free ba8@.(Methyl 4-hydrazinobenzoatel{) was prepared
according to a literature protoclThe syntheses of phenylhydrazine derivati8asand 3f
were described elsewhefeTrifluoroacetaldehyde hydratd,(72% aq.) was purchased from

Fluorochem, and used as received.

UV-vis measurements Electronic absorption spectra b and2a were obtained for three
concentrations in a range of #85 x 10° mol/L in acetonitrile, and maximum absorption at

about 290 nm was fitted to Beer's law.

Quantification in NMR experiments. The relative concentration of tautomers were
established by integrations of signals attributedazomethine proton (N#CF;) and
methylene protons (@;CFs) for all tautomeric pairs with the exception Id/2a and 1h/2h
pairs: in the former benzylic and in the latter hwedy protons were used for establishing the

tautomeric ratio.

Sample preparation for HCl-induced equilibration of tautomers. NMR tubes containing
solutions ofca. 3 mg oflcin 0.6 mL of appropriate solvent were exposed @l apors in a
closed Erlenmeyer flask (filled with a thin laydramnc. HCI at the bottom) for 15 min, and

theH-NMR spectra were taken immediately.
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General procedure for the synthesis of trifluoroactaldehyde hydrazones la-1k A
mixture of the appropriate hydrazine hydrochlorideO mmol), fluoral hydrate (ca. 3.0
mmol), freshly dried and crushed molecular sievkg®42 g) in MeOH (3.5 mL) was heated
overnight at 75°C in a closed ampoule. The resulting mixture waslem to room temp.,
diluted with DCM (15 mL) and filtered through CelitThe filtrate was extracted with,®,

the organic layer was washed with 5% aq. NakblG@d water (% 25 mL). The organic layer
was dried (NgSQy), filtered, and solvents were removed under reduyressure (cold bath)
to afford spectroscopically pure produttsAnalytically pure samples were obtained either by

flash chromatography or by recrystallization.

Trifluoroacetaldehyde  4-benzyloxyphenylhydrazone (4):° crude product was
recrystallized from pentane/methanol (dry ice terapge) to givela (238 mg, 81% vyield) as
a pale yellow solid; m.p. 116-1F€; *H-NMR (CDCk, 600 MHz):55.04 (s, 2 H, Bn), 6.91
(qd, Jq-n = 1.4 Hz,Jyr = 4.1 Hz, 1 H, =E€ICR), 6.94, 7.02 (2 d) = 9.0 Hz each, 2 H each),
7.31-7.44 (m, 5 H), 7.83 s 1 H, NH) ppm; UV (MeCN)Amax (I0g €) 290 (4.26), 319sh
(4.00), 500 (1.80)°C-, *F-NMR, IR and MS ofla are consistent with those reported.
Filtration of 1a through a short silica gel pad (DCM) gave a smealhple of pur€a in ca.
30% vyield: m.p. 63-65C: *H-NMR (CDCk, 600 MHz): 54.43 (q,Jur = 9.7, 2 H, G,CF),
5.14 (s, 2 H, Bn), 7.05 (d,= 9.0 Hz, 2 H), 7.33-7.45 (m, 5 H), 7.76 Jc& 9.0 Hz, 2 H) ppm;
13C-NMR (CDCE, 150 MHz):068.5 (g,2Jc.F = 28.4 Hz,CH,CFs), 70.3 (t, Bn), 124.3 (dJc.
F=277.4 Hz, Cp), 115.1, 124.7, 127.4, 128.2, 128.7 (5 d, 9 arGi), 136.3, 146.2, 161.8
(3 s, 3i-C) ppm;**F-NMR (CDC}, 565 MHz): d —68.2 (t, Ju.r = 9.7 Hz, CE) ppm; UV
(MeCN), Amax (I0g €) 290 (4.29), 318sh (4.13), 390sh (2.56), 500 (2.IR (KBr): v 1380

(N=N), 1255, 1160, (C-0), 1160-1110 (§Eni’; EI-MS (W2): 294 (32, [M]), 203 (57, [M-
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Bn]"), 91 (100, [Bn]); Anal. Calcd for GsH13FsN,O (294.1): C 61.22, H 4.45; found: C

61.24, H 4.73.

Trifluoroacetaldehyde 4-methoxyphenylhydrazone (1h)crude product was recrystallized
from petroleum ether (dry ice temperature) to dibbe(241 mg, 55% vyield) as a light orange
solid; m.p. 74-76C; 'H-NMR (CDCk, 600 MHz):53.79 (s, 3 H, OMe), 6.86 (d,= 9.0 Hz,

2 arom. CH), 6.90 (& Ju.r = 4.1 Hz, 1 H, =EBICF), 7.02 (d,J = 9.0 Hz, 2 arom. CH), 7.86
(Sor, 1 H, NH) ppm;**C-NMR (CDCk, 150 MHz):555.6 (g, OMe), 114.8, 115.3 (2 d, 4 arom.
CH), 121.2 (qlJc.r = 268.8 Hz, CB), 121.3 (g2Jc.r = 39.0 Hz, €HCR), 136.3, 155.4 (2 s,
2i-C) ppm;*F-NMR (CDCk, 565 MHz):0-65.2 (d,du.r = 4.1 Hz, CE) ppm; IR (KBr): v
3310 (N-H), 1610 (C=N), 1295, 1245 (C-0), 1245-110%3) cm’; EI-MS (W2): 218 (54,
M™), 122 (100, [M-NCHCE"); Anal. Calcd for GHgFsN,O (218.1): C 49.55, H 4.16; found:
C 49.74, H 4.20.

Data for azo tautomer 2b (in a mixture with 1b): *H-NMR (CDCls, 600 MHz):53.88 (s, 3 H,
OMe), 4.43 (gJu.r = 9.7, 2 H, ®.CFs), 6.97, 7.76 (2 dJ = 9.0 Hz, 2 H each) ppni’C-
NMR (CDCk, 150 MHz):6 55.6 (g, OMe), 68.5 ((fiJc.r = 28.3 Hz,CH,CFs), 114.2 (d, 2
arom. CH), 124.3 (dJc.r = 277.3 Hz, CB), 124.7 (d, 2 arom. CH), 146.0, 162.6 (2 ;@

ppm; *F-NMR (CDClk, 565 MHZz):5-68.2 (t,Ju.c = 9.7 Hz, CE) ppm.

Trifluoroacetaldehyde p-tolylhydrazone (1c)}?° crude product was flash chromatographed
(SiO,, petroleum ether/DCM 3:2) to givie (141 mg, 70% vyield) as a light orange solid; m.p.
74-76°C; *H-NMR (CDCls, 600 MHz):6 2.30 (s, 3 H, Me), 6.92 (qdu-+ = 1.1 Hz,Jyr =
4.1 Hz, 1 H, =GICF), 6.98, 7.10 (2 dJ = 8.4 Hz, 2 H each), 7.89,(s1 H, NH) ppm;**C-

NMR (CDCl, 150 MHz):6 20.6 (g, Me), 113.6 (d, 2 arom. CH), 121.1 @ = 268.9 Hz,
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CFs), 121.7 (9.4Jc.r = 39.0 Hz, €HCFs), 129.9 (d, 2 arom. CH), 131.7, 140.3 (2 s;Q)

ppm; *F-NMR (CDCk, 565 MHz): d -65.3 (d,Ju.r = 4.1 Hz, CE) ppm; IR (KBr):v 3310

(N-H), 1620 (C=N), 1135-1110 (GFcm™; (-1)ESI-MS (W2): 201 (100, [M-H]); Anal. Calcd
for CoHoF3N; (202.1): C 53.47, H 4.49, N 13.86; found: C 5312.51, N 13.72.

Data for azo tautomer 2c (in a mixture with 1c): *H-NMR (CDClL, 600 MHz):d 2.42 (s, 3 H,
Me), 4.46 (q,Ju.c = 9.7 Hz, 2 H, ®,CFs), 7.28, 7.66 (2 dJ = 8.2 Hz, 2 H each) ppni*C-

NMR (CDCk, 150 MHz):6 21.4 (g, Me), 68.7 (¢fJc.r = 28.5 Hz,CH,CFs), 122.7 (d, 2 arom.
CH), 124.2 (q}Jcr = 277.5 Hz, CE), 129.7 (d, 2 arom. CH), 142.5, 149.8 (2 $:@ ppm;

F-NMR (CDCk, 565 MHz):5-68.1 (t,Ju.r = 9.7 Hz, CE) ppm.

Trifluoroacetaldehyde phenylhydrazone (1dy¥* crude product was flash chromatographed
(SiO,, petroleum ether/DCM 3:2) to givil (177 mg, 94% yield) as an orange solid; m.p. 48-
50 °C; H-NMR (CDCl, 600 MHz):6 6.93 (G, Ju.r = 4.0 Hz, 1 H, =EICF), 6.98-7.02,
7.07-7.10, 7.29-7.33 (3 m, 1 H, 2 H, 2H), 7.92, (3 H, NH) ppm;**C-NMR (CDCk, 150
MHz): § 113.5 (d, 2 arom. CH), 121.0 (Hc.r = 269.1 Hz, CF), 122.2 (d, arom. CH), 122.3
(q, 2Je.r = 39.0 Hz, €HCF), 129.4 (d, 2 arom. CH), 142.6 {sC) ppm;*°F-NMR (CDCE,
565 MHz): d-65.4 (d,Ju.r = 4.0 Hz, CE) ppm; IR (KBr):v 3320 (N-H), 1620 (C=N), 1605
(C=C), 1160-1070 (G cm; EI-MS (2z): 188 (100, M), 119 (28, [M-CF]"); Anal. Calcd
for CgH/F3N, (188.1): C 51.07, H 3.75; found: C 51.04, H 3.74.

Data for azo tautomer 2d (in a mixture with 1d): *H-NMR (CDCl, 600 MHz):6 4.50 (g,Jh-r

= 9.8 Hz, 2 H, EI,CFs), 7.48-7.52, 7.76-7.79 (2 m, 3 H, 2 H) ppFC-NMR (CDC}, 150
MHz): 6 68.8 (q,2Jc.r = 28.6 Hz,CH,CFs), 122.7 (d, 2 arom. CH), 124.2 (dc.r = 277.4 Hz,
CR), 129.1, 131.8 (2 d, 3 arom. CH), 151.7i(€) ppm;*°F-NMR (CDCk, 565 MHz): &

—68.0 (t,Ju-r = 9.8 Hz, CE) ppm.
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Trifluoroacetaldehyde 4-fluorophenylhydrazone (1€) crude product was flash
chromatographed (SO petroleum ether/DCM 1:2) to givee (169 mg, 82% yield) as an
orange solid; m.p. 34-3%C; *H-NMR (CDCL, 600 MHz):6 6.96 (qd,Ju.n = 1.3 Hz,Ju.r =
4.0 Hz, 1 H, =BICF), 6.98-7.05 (m, 4 H), 7.914s1 H, NH) ppm;**C-NMR (CDCk, 150
MHz): 6 114.8 (d,*Jc.r = 7.8 Hz, 2 arom. CH), 116.0 (tlcr = 22.9 Hz, 2 arom. CH), 121.0
(q, ek = 269.1 Hz, CB), 122.4 (q2Jc.r = 39.2 Hz, €HCF), 138.9 (d*Jc.r = 2.2 Hz,i-C-
N), 158.5 (d Jc.r = 240.4 Hzj-C-F) ppm;**F-NMR (CDCE, 565 MHz):5-121.9 (m, Ar-F),
—65.5 (d,Ju.r = 4.0 Hz, CE) ppm; IR (KBr):v = 3360 (N-H), 1600 (C=N, C=C), 1505, 1140-
1095 (CR) cm™; CI-MS (m/2): 206 (100, M), 110 (67, [M-NCHCH"); Anal. Calcd for (%)
for CgHeF4N2 (206.0): C 46.61, H 2.93; found: C 46.68, H 2.87.

Data for azo tautomer 2e (in a mixture with 1€): *H-NMR (CDCk, 600 MHz):6 4.47 (0,dn-r

= 9.6 Hz, 2 H, EI,CFs), 7.14-7.18, 7.77-7.81 (2 m, 2 H each) ppfiG-NMR (CDCk, 150
MHz): § 68.7 (q,%Jc.r = 28.7 Hz,CH,CFs), 116.1 (d2Jc.r = 23.0 Hz, 2 arom. CH), 124.1 (q,
Yer = 277.4 Hz, CB), 124.9 (d3Jc.c = 9.2 Hz, 2 arom. CH), 148.2 (tc. = 2.9 Hz,i-C-N),
164.9 (d,"Jc.r = 253.1 Hz,i-C-F) ppm;*°F-NMR (CDCk, 565 MHz): 6 -107.9 (m, Ar-F),

—68.1 (t,Ju.r = 9.6 Hz, CE) ppm.

Trifluoroacetaldehyde 4-benzoyloxyphenylhydrazone 1f):° crude product was flash
chromatographed (SEPDCM) to givelf (262 mg, 85% yield) as a yellow solid; m.p. 165-
167 °C (hexanes/CHE! 'H-NMR (CDCk, 600 MHz): 5 6.96 (qdJun = 1.0 Hz,Jur = 4.1
Hz, 1 H, =HCFR), 7.04-7.08, 7.10-7.13, 7.51-7.54 (3 m, 2 H ea&®3-7.67 (m, 1H), 8.18
(Sor, 1 H, NH), 8.20-8.22 (m, 2 H) ppm:C-, *F-NMR, IR and MS oflLf are consistent with

those reported.
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Data for azo tautomer 2f (in a mixture with 1f): *H-NMR (CDCl, 600 MHz): 5 4.50 (q,J4-r
= 9.6, 2 H, ®1,CFs), 7.36 (d,J = 8.8 Hz, 2 H), 7.52-7.56, 7.65-7.68 (2 m, 2 H),1H86 (d,J
= 8.8 Hz, 2 H), 8.20-8.23 (m, 2 H) ppMC-NMR (CDCk, 150 MHz):568.8 (q,Jc.F = 28.7
Hz, CH,CFs), 122.6 (d, 2 arom. CH), 124.1 (4 = 277.4 Hz, Ch), 124.2, 128.7, 129.1,
130.3, 133.9, 149.3, 153.7 (2 d, s, 2 d, 2 s), 864, C=0) ppm;°*F-NMR (CDCk, 565

MHz): 0-68.0 (t,J4.r = 9.6 Hz, CE) ppm.

Trifluoroacetaldehyde 4-chlorophenylhydrazone (1g) crude product was flash
chromatographed (SO petroleum ether/DCM 1:1) to givkEg (151 mg, 68% yield) as an
orange crystals; m.p. 40-4€; H-NMR (CDCl;, 600 MHz):0 6.98 (qdJy-n = 1.3 Hz,Jyr =
4.0 Hz, 1 H, =GICF), 7.04, 7.28 (2 dJ = 8.8 Hz, 2 H each), 7.94,(s1 H, NH) ppm;**C-
NMR (CDCk, 150 MHz):6 114.7 (d, 2 arom. CH), 120.9 (gc.- = 269.3 Hz, CB), 123.1 (q,
2Je.r = 39.2 Hz, €HCR), 129.4 (d, 2 arom. CH), 129.4, 141.4 (2 $;Q) ppm:;**F-NMR
(CDCl, 565 MHz):9-65.6 (d,Ju.r = 4.0 Hz, CE) ppm; IR (KBr):v 3325 (N-H), 1620, 1595
(C=N, C=C), 1490, 1290 1245, 1140-1090 {CEm*; EI-MS (m/2): 222 (100, M), 126 (49,
[M-NCHCF3]"), 99 (23); Anal. Calcd for §4sCIFsN, (222.0): C 43.17, H 2.72; found: C
43.42, 2.57.

Data for azo tautomer 2g (in a mixture with 1g): *H-NMR (CDCl, 600 MHz):6 4.51 (g,Jh-r

= 9.6 Hz, 2 H, €I,CR), 7.49, 7.74 (2 dJ = 8.7 Hz, 2 H each) ppm°*C-NMR (CDC}, 150
MHz): § 68.8 (g,2Jc.r = 28.9 Hz,CH,CFs), 124.1 (g c.r = 277.4 Hz, CE), 124.0, 127.0 (2
d, 4 arom. CH), 138.0, 150.0 (2 si-2) ppm;*°®F-NMR (CDCk, 565 MHz): 5—-68.0 (t,Ju.r =

9.6 Hz, Ck) ppm.
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Trifluoroacetaldehyde 4-methoxycarbonylphenylhydraone (1h) crude product was flash
chromatographed (SEODCM) to givelh (89 mg, 38% vyield) as a light orange solid; m.p.
176-178°C; *H-NMR (CDCl, 600 MHz):6 3.89 (s, 3 H, OMe), 7.04 (qdy.n = 1.4 Hz,Ju.r
=3.9 Hz, 1 H, =BICR), 7.11, 7.99 (2 d] = 8.8 Hz, 2 H each), 8.19,(s1 H, NH) ppm;C-
NMR (CDCh, 150 MHz):6 51.9 (g, OMe), 112.8 (d, 2 arom. CH), 120.7%(g,c = 269.7 Hz,
CF), 123.8 (sj-C), 124.5 (q&c.r = 39.4 Hz, €HCFs), 131.5 (d, 2 arom. CH), 146.3 {s,
C), 166.8 (s, C=0) ppnt’F-NMR (CDCE, 565 MHz): 5-65.8 (d,Ju.r = 3.9 Hz, CE) ppm;

IR (KBr): v 3280 (N-H), 1690 (C=0), 1595 (C=N), 1250, 1170@§-1125-1095 (C§ cm’®;

EI-HRMS: calcd. for GgHoFsN,O, [M] ™ 246.0616; found 246.0623.

Trifluoroacetaldehyde 4-trifluoromethylphenylhydrazone (1i} crude product was flash
chromatographed (SO petroleum ether/DCM 1:1) to givel (169 mg, 66% vyield) as a
yellow oil; *H-NMR (CDCk, 600 MHz): 6 7.03 (qd,Jurs = 1.3 Hz,Jur = 4.0 Hz, 1 H,
=CHCF), 7.15, 7.55 (2 dJ = 8.6 Hz, 2 H each), 8.08y(s1 H, NH) ppm;*C-NMR (CDC,
150 MHz):6 113.1 (d, 2 arom. CH), 120.7 (tlc.r = 269.6 Hz, CE), 124.1 (q.Jcr = 32.7
Hz,i-C), 124.3 (qNJc.r = 271.1 Hz, CB), 124.4 (q2Jc.r = 39.5 Hz, NEHCF), 126.8 (q3Jc.
r = 3.8 Hz, 2 arom. CH), 145.3 (sC) ppm;*°F-NMR (CDCk, 565 MHz): 5-65.9 (d,Ju.r =
4.0, CR), -61.8 (s, Ar-CE) ppm; IR (KBr):v 3360 (N-H), 1615 (C=N), 1180-1065 (QEm
1 CI-MS (m/2): 257 (100, [M+H]), 256 (83, M), 237 (22, [M-F]), 201 (17); Anal. Calcd for

CoHeFsN2 (256.0): C 42.20, H 2.36; found: C 42.15, H 2.19.

Trifluoroacetaldehyde 4-cyanophenylhydrazone (1j) crude product was flash
chromatographed (SKODCM) to givelj (179 mg, 84% vyield) as a colorless solid; m.p.-146

148°C; *H-NMR (CDCk, 600 MHz):5 7.09 (qd Jun = 1.4 Hz,Jyr = 4.0 Hz, 1 H, =EICF),
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7.15, 7.58 (2 dJ = 8.8 Hz, 2 H each), 8.29,(s1 H, NH) ppm;**C-NMR (CDC}, 150 MHz):
5 104.7 (s, CN), 113.6 (d, 2 arom. CH), 119.248), 120.5 (qlJc.r = 269.9 Hz, CB), 125.6
(q, 2Je.r = 39.5 Hz, €HCFs), 133.8 (d, 2 arom. CH), 146.2 {sC) ppm;*°F-NMR (CDCE,
565 MHz): 6 -66.1 (d,Jur = 4.0, CE) ppm; IR (KBr):v = 3255 (N-H), 2230 (EN), 1600
(C=N), 1140-1100 (C§ cm*; CI-MS (W2): 214 (100, [M+H]); Anal. Calcd for GHgFaN3

(213.0): € 50.71, H 2.84; found: C 50.83, H 2.72.

Trifluoroacetaldehyde 4-nitrophenylhydrazone (1k)** crude product was flash
chromatographed (S)ODCM) to givelk (193 mg, 83% vyield) as a pale yellow solid: m.p.
190-192°C; 'H-NMR (CDCls, 600 MHz):6 7.13 (qd,Jy-w = 1.1 Hz,Ju.r = 3.7 Hz, 1 H,
=CHCF), 7.17, 8.21 (2 dJ = 9.1 Hz, 2 H each), 8.36y(s1 H, NH) ppm;*C-NMR (CDC},
150 MHz):6 112.9 (d, 2 arom. CH), 120.4 (t4c.r = 269.9 Hz, CF), 125.9 (d, 2 arom. CH),
126.5 (q,%Jc.r = 39.6 Hz, €HCR), 142.4, 147.7 (2 s, RC) ppm;**F-NMR (CDCk, 565
MHz): 0-66.2 (d,J4.r = 3.7 Hz, CE) ppm; IR (KBr):v 3256 (N-H), 1590 (C=N), 1500, 1335

(N-0), 1125-1090 (C§ cmi’; ESI-MS 2): 256 (100, [M+Nal), 234 (44, [M+H]).
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