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Oximes are of interest as flexible intermediates and powerful 
auxiliaries in organic synthesis1 and as biologically active com­
pounds.1(b)–(d),2 Oximes of the pyrrole series deserve a particular 
attention since the pyrrole moiety is a key structural unit of 
chlorophyll, hemoglobin and a great variety of naturally occur­
ring products and pharmaceuticals.1(e),3 Oxime E- and Z-isomers 
demonstrate different reactivity and biological properties,3,4 although 
isolation of the individual isomers still remains a challenge.

Recently,5 during the synthetic study of 1-vinylpyrrole-2-carb­
oxaldehyde oximes we have noticed that such Z-configured 
aldoximes are susceptible to protonation much more rapidly 
than the E-isomers which finally led to the protonated Z-isomers 
only. This phenomenon was a particular case of oxime chemistry 
related to only pyrrole-2-carboxaldehyde oximes, which implied 
the pyrrole moiety participation in the stabilization of the Z-proton­
ated forms and a special type of configurational-conformational 
interconversions of the cations. It is noteworthy that the imine 
basicities of E- and Z-configurants do not differ considerably.

Herein, we have attempted to rationalize what may be the 
cause of such unusual stereospecificity of the protonation of  
pyrrole-2-carboxaldehyde oximes isomers.

Pyrrole-2-carboxaldehyde oximes 1a–d as mixtures of E- and 
Z-isomers are protonated with CF3COOH in Et2O (room tempe­
rature) to afford isolable salts 2a–d of Z-isomers only (Scheme 1). 
Other strong acids (CF3SO3H, HCl) give similar results. Analo­
gously, E/Z mixture of 1-vinyl-4,5-dihydrobenz[g]indole-2-carbox­
aldehyde oxime 1e is stereospecifically protonated to furnish salt 

2e (Scheme 2). To the best of our knowledge, for the  pyrrole 
series, these are the first examples of isolation of isomerically 
pure oxime salts. 

The unambiguous structural assignment of salts 2a–e was 
derived from 2D NOESY and HMBC NMR data.† For com­
pounds 2b–e, the NOE correlations between H-1 and HX of the 
vinyl group were observed indicating the s-trans mutual disposi­
tion of the vinyl group and the C=N bond. In addition, in the 2D 
1H–13C HMBC spectra, the correlations between H-1 and C-3 of 
the pyrrole moiety took place, the vicinal constant 3JH-1,C-3 values 
being about 12.0 Hz. This confirms the trans-disposition of these 
atoms. The Z-configuration of salts 2a–e also follows from the 
fact that upon gradual addition of an acid to the isomers mixture, 
the corresponding 1H NMR signals of the E-isomers were dis­
appearing while the signals of the Z-isomers were growing in 
intensity (Figure 1).

Although the oximes protonation was scarcely investigated, 
it was reported that they were protonated at the nitrogen atom.2 
As 15N chemical shifts of oximes (Table 1) show, the basicity 
of  their E- and Z-isomers differs by 9–25%, the Z-form being 
slightly more basic. The effect of the substituents in the pyrrole 
ring on the d15N of the imine nitrogen is much higher (the d15N 
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†	 NMR spectra were recorded on a Bruker DPX 400 spectrometer 
(400.13  MHz, 1H; 101.61 MHz, 13C and 40.55 MHz, 15N) in CDCl3, 
HMDS was used as an internal standard. The resonance signals in 1H 
and 13C NMR spectra were assigned using 2D COSY, NOESY, HSQC and 
HMBC techniques. The values of characteristic signals for 15N nitrogen 
atom have been obtained from 2D 1H–15N HMBC spectra. For the titra­
tion experiments, a 2 wt% solutions of oxime in CDCl3, gaseous HCl and 
10 wt% solutions of CF3COOH and CF3SO3H in CDCl3 were used.
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value ranges from –18.6 to –49.4 ppm). Therefore, the difference 
in basicity of the imine nitrogen of E- and Z-isomers can not be 
a reason of the stereospecific protonation of the Z-isomers. The 
attention is drawn by the unexpectedly great low-field shifting 
of the 13C and 1H signals (Tables 1 and 2) for the 3-position of 
the pyrrole ring of salts 2a–e relative to the unprotonated Z-iso­
mers (6.8–10.1 ppm for 13C and 0.4–0.8 ppm for 1H). More 
surprising is the slight low-field shift or, in some cases, even 
upfield shift of d13C (–2.0 to +1.6 ppm) in the CH=N+ moiety 
adjacent to the very protonated centre that is accompanied by the 
low-field shifting of the corresponding hydrogen atom signal 
(0.4–0.6 ppm).

Such a deep electron density distribution in cations 2a–e is an 
evidence of the charge transfer from the pyrrole ring towards the 

protonated imine moiety. Comparison of the 13C low-field shifts 
in cations 2a–e with those in true pyrrolium cations (relative 
to  the unprotonated species)6 shows that for the former series 
(6.8–10.1 ppm) it is as much as a half of those for the latter ones 
(18.8–20.4 ppm). In other words, cations 2a–e in terms of their 
electron deficiency are approaching to the real pyrrolium cations. 
The large positive charge in the 3-position of the pyrrole ring is 
efficiently stabilized through the space by the lone electron pair 
of the hydroxy group in the Z-configuration (anti-conformation) 
only (Scheme 3). 

Quantum chemical analysis [B3LYP/6-311G(d,p)]7,‡ confirms 
that the Z-configuration of cation 2b in anti-conformation is 
indeed by 3.30 kcal mol–1 more stable than its syn-conformation 
in which the above stabilization with the hydroxy group cannot 
be sterically realized (Figure 2). Notably, the syn- and anti-
conformations of the E-configuration of the same cation are 
energetically equal and lie by 2 kcal mol–1 above the stabilized 
Z-configuration in anti-conformation (1.96 and 2.01 kcal mol–1). 

The Z-configuration of the unsubstituted pyrrole-2-carbox­
aldexyde oxime cation 2a relative to its E-configuration is even 
more stabilized than that of the corresponding 1-vinyl substituted 
cation 2b (Figure 3). However, in this case, the most stabilized 
is the syn-conformation which is by 4.60–5.67 kcal mol–1 more 
energetically favorable than the E-configuration. This is predict­
able since the N-vinyl group acts as p- and s-acceptor towards 
the pyrrole ring.8 Additionally, in cation 2a, the pyrrole nitrogen 
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1Figure  1  H NMR monitoring of oxime 1e protonation (Scheme 2): (a) 
initial E/Z mixture of isomers of 1e (Z:E = 1:1.7); (b) 0.5 equiv. of CF3COOH 
added (Z:E = 1:1); (c) 0.75 equiv. of CF3COOH added (Z:E = 1:0.2); 
(d) excess CF3COOH [protonated (Z)-2e only].

15Table  1  N and 13C chemical shifts of E- and Z-isomers of oximes 1a–e 
and salts 2a–e.
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Com-	 N–R1	 N=	 C-1	 C-2	 C-3	 C-4	 C-5	 Ca	 Cb pound

(E)-1a	 –227.8	 –41.3	 142.6	 124.3	 113.8	 109.8	 121.4		
(Z)-1a	 –228.3	 –49.4	 138.9	 124.3	 115.3	 109.4	 121.9		
2a	 –225.5	 –175.7	 139.3	 122.5	 125.4	 111.2	 126.2		
(E)-1b	 –210.4	 –33.1	 142.9	 124.8	 115.8	 110.7	 121.7	 132.7	 100.6
(Z)-1b	 –210.4	 –42.7	 135.4	 122.5	 119.6	 111.1	 121.2	 130.2	 104.0
2b	 –208.9	 –176.3	 137.0	 120.1	 128.4	 113.7	 128.6	 131.3	 105.2
(E)-1c	 –211.5	 –20.4	 142.9	 123.3	 112.1	 124.5	 133.3	 131.5	 111.1
(Z)-1c	 –210.4	 –23.6	 137.1	 121.2	 118.5	 124.6	 132.7	 130.6	 113.9
2c	 –205.3	 –177.4	 136.2	 118.6	 126.6	 129.9	 145.5	 128.7	 120.1
(E)-1d	 –216.2	 –18.6	 143.3	 126.3	 113.2	 111.4	 137.5	 131.9	 112.1
(Z)-1d	 –215.7	 –20.3	 137.5	 123.6	 119.4	 111.2	 136.5	 131.5	 114.2
2d	 –209.7	 –173.6	 135.5	 121.5	 126.2	 113.8	 143.5	 129.9	 117.9
(E)-1e	 –219.4	 –19.3	 142.7	 126.4	 110.6	 124.6	 130.6	 132.6	 113.7
(Z)-1e	 –218.7	 –24.4	 137.5	 123.5	 117.2	 124.0	 131.4	 132.4	 115.6
2e	 –214.7	 –175.6	 136.5	 120.5	 125.1	 127.6	 140.9	 130.6	 120.3

1Table  2  H chemical shifts of E- and Z-isomers of oximes 1a–e and salts 
2a–e.

Compound	 H-1	 H-3	 H-4	 H-5	 HA	 HB	 HX

(E)-1a	 7.99	 6.40	 6.22	 6.84			 
(Z)-1a	 7.29	 6.50	 6.24	 6.95			 
2a	 7.65	 7.08	 6.52	 7.37			 
(E)-1b	 8.10	 6.49	 6.27	 7.15	 4.81	 5.20	 7.55
(Z)-1b	 7.49	 7.14	 6.37	 7.08	 4.98	 5.29	 7.08
2b	 8.07	 7.92	 6.68	 7.55	 5.42	 5.55	 7.10
(E)-1c	 8.11	 6.51			   5.22	 5.14	 6.91
(Z)-1c	 7.49	 7.31			   5.36	 5.23	 6.81
2c	 7.85	 7.77			   5.78	 5.44	 6.86
(E)-1d	 8.21	 6.66	 6.29		  5.13	 4.97	 6.98
(Z)-1d	 7.62	 7.46	 6.39		  5.34	 5.21	 6.80
2d	 8.19	 7.90	 6.67		  5.67	 5.44	 6.81
(E)-1e	 8.17	 6.58			   5.42	 5.33	 7.20
(Z)-1e	 7.55	 7.36			   5.60	 5.45	 7.10
2e	 8.02	 7.80			   5.89	 5.62	 7.11
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atom is sterically free (no vinyl substituents), therefore, the 
largest positive charge is expectedly concentrated at the N–H 
moiety. This is why a stronger stabilization is observed for the 
syn-conformation (Scheme 4). Here, in the syn-conformation, the 
+N–H∙∙∙OH stabilizing interaction (hydrogen bonding) seems more 
probable (due to the increased acidity of the +N–H function). 
Noteworthy, the anti-conformation of this cation is also signi­
ficantly stabilized (by 2.20 and 3.27 kcal mol–1 relative to anti- and 
syn-conformations of E-configuration, respectively) thus indicating 
that similar stabilization as in the N-substituted cations (Scheme 3) 
takes place. The latter is experimentally supported by the large 
(10.1 ppm) low-field shift of d13C for the C-3 atom (Table 1). 

The comparison with ordinary (non-pyrrolic oximes) confirms 
that for acetaldoxime and benzaldoxime, the calculated [B3LYP/ 
6-311G(d,p)] energy preference of the protonated Z-isomers is 
almost ignorable (0.65 and 0.78 kcal mol–1). Such a small energy 
difference results in simultaneous existence of the both protonated 
isomers. As our experiments show, with 10-fold excess CF3COOH, 
the E/Z ratio of benzaldoximes is 1:4. The similar trend of E/Z 
isomer ratio was reported for the protonation of acetaldehyde 
oxime with sulfuric acid though, in contrast to benzaldehyde 
oxime, the protonated E-isomer content prevailed (E:Z = 11:9). 

In conclusion, the stereospecific protonation of pyrrole-2‑carbox­
aldehyde Z-oximes has been analyzed by the NMR (1H, 13C, 15N) 
technique and quantum chemical calculations [B3LYP/ 6-311G(d,p)] 
to reveal the through-space stabilization of these cations by the 
oxime hydroxyl. The essence of the phenomenon is the strong 
charge transfer from the pyrrole ring towards the protonated oxime 
function. This stabilization is characteristic of pyrrole-2-carbox­
aldehyde oximes and does not occur in ordinary aromatic and 

aliphatic oximes series. The developed stereospecific facile trans­
formation of E/Z mixture of pyrrole-2-carboxaldehyde oximes 
to pure salts of Z-isomers is the first known method for the syn­
thesis of individual Z-isomers of protonated pyrrole-2-carbox­
aldehyde oximes.
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‡	 The geometries for all structures were calculated at the B3LYP level of 
theory without symmetry constraints by using the GAUSSIAN 03W program 
package.7 The triple splitvalence 6-311G(d,p) basis set of Pople which 
included d-type polarization functions on all nonhydrogen atoms and p-type 
polarization functions on hydrogen atom were adopted in the calculations.
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