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Observation of Diastereotopic Signals in "N NMR Spectroscopy**
Ibon Alkorta, Christophe Dardonville,* and José Elguero

Abstract: The first example in the literature of a compound
showing anisochronous N atoms resulting from diastereoto-
picity is described. Racemic 1,3-dimethyl-2-phenyloctahydro-
1H-benzimidazole was prepared and studied by 'H, °C and
BN NMR spectroscopy. If convenient conditions were used
(monitored by theoretical calculations of Iy, spin-spin
coupling constants), two "N NMR signals were observed and
corresponded to the diastereotopic atoms. GIAO/density-func-
tional calculations of chemical shifts were not only in good
agreement with the experimental values but also served as
prediction tools. This study suggests that "N NMR spectros-
copy could be used to probe chirality.

Diastereotopic protons, usually belonging to methylene
groups, have fascinated NMR users for a long time (1957).11
The observation of chemical-shift nonequivalence (aniso-
chronism) for identical geminal nuclei attached to a tetrahe-
dral center is a well-known phenomenon in NMR spectros-
copy. The origin of the anisochronism and the recognition that
in conformationally mobile systems there are two terms, one
intrinsic and one depending on the conformer population, has
been known for a long time,” and it is reported in several
books.”! The concept was extended to other nuclei, and
actually, the observation for “F was also reported in 1957,/
and those for *C and *'P were published respectively in 1973
and 1974.1! Anisochronism for ?H was published in 1983, for
*H in 2005,* for 'Li in 2014,"! and for O in 1990.1""
Obviously, besides 'H, the most reported examples concern
13C,[”] ]QF,UZ] and P13

Realizing that there was no example of observation of
anisochronous "N chemical shifts of diastereotopic nitrogen
atoms, we decided to fill this gap. We selected molecules
having two N atoms in a geminal arrangement and molecules
which were synthetically accessible (i.e., octahydro-1H-ben-
zo[d]imidazole derivatives; see Table S1 in the Supporting
Information). We calculated their chemical shifts using
a combination of GIAO/B3LYP/6-311++ G(d,p) calcula-
tions of absolute shieldings with the Gaussian 09 software, "
and robust empirical equations to transform these absolute
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Scheme 1. Synthesis of rac-1. Reagents and conditions: trans-N,N'-
dimethylcyclohexane-1,2-diamine (1 equiv), benzaldehyde (1 equiv),
toluene, 4 A molecular sieves, 120°C, 22 h (15%).

shieldings into chemical shifts.'”) The compound 1 (Scheme 1)
was chosen as a representative example among the studied
molecules. The compound 1, not previously reported, was
synthesized as a mixture of both enantiomers, rac-1, using
a method similar to that reported for other aryl groups.'®
Starting from racemic trans-N,N’-dimethylcyclohexane-1,2-
diamine and benzaldehyde we obtained the desired com-
pound, 1,3-dimethyl-2-phenyloctahydro-1H-benzimidazole,
rac-1, for which calculated and experimental chemical shifts
are reported in Figure 1.
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Figure 1. Calculated and experimental 'H, °C, and "N chemical shifts.

The 'H and “C chemical shifts were in excellent agree-
ment with the calculated values (Figure 1) but the "N NMR
spectrum (obtained by g-HMBC experiment using the
standard J value of 8 Hz) showed one big signal at 0=
—324 ppm with its corresponding cross-peaks (0 =4.17 and
1.89 ppm; Figure S5) and a very small signal at 6 = —312 ppm
with concomitant small cross-peaks (6 =4.17 and 2.14 ppm).
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Since the experimental AJ values were similar to those
predicted by the calculations, the difference in intensity
between both N NMR peaks was unexpected. As we
suspected, the J value used in the g-HMBC experiment was
not a convenient one, and we calculated the %/ (“N-'H)
coupling constants of 1 at the B3LYP/6-311 ++ G(d,p) level
of theory (Figure 2).

As can be seen in Figure 2, the only spin-spin coupling
constant (SSCC) >|1|Hz is that between the 2-H and the
“grey” nitrogen atom, and would thus explain the difference
in intensity observed between both geminal N signals in the
g-HMBC experiment optimized for J=8 Hz. Consequently,
we repeated the g-HMBC
experiments using J values of
2 Hz and 6 Hz (Figure 3). With
J=6Hz, both "N signals were
still very different in intensity
whereas with J=2Hz, the
signal for the grey "N at 6=
—324 ppm and the black "N at
0=-312ppm were of rather
similar intensities.

In conclusion, by using the-
oretical calculations as a predic-
tive tool we have been able to
find the first example of a com-
pound showing anisochronous
5N atoms resulting from dia-
stereotopicity. This study shows
that GIAO/density-functional
calculations are a powerful tool
to predict chemical shifts and
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Figure 2. Calculated Y, coupling constants.

00€-+
S0€-+
0TE-

coupling constants and can help
in the elucidation of ambiguous
NMR spectra of organic mole-
cules.

In Figure 4 we have sum-
marized some calculations to
show the generality of the idea.
The compound 2 is related to
organocatalysts reported by
Alexakis,'”! the compound 3 is
a tris-arylmethane propeller,
the compound 4 is related to

Sy

DABN, and the compound 5 is -

a derivative of [S]helicene. The
Ad values in Figure 4 corre-
spond to minimum-energy con-
formations (two in the case of 2)
and include intrinsic and con-
formational origins (see the
Supporting Information). Sev-
eral examples, for instance 4 and
5, show that "N NMR spectros-
copy could be used as a probe
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Figure 3. g-HMBC "N spectra of rac-1 optimized for J values of 2 Hz (top) and 6 Hz (bottom).
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Figure 4. Calculated [B3LYP/6-311+ +G(d,p)] °N anisochronies
(ppm).

Experimental Section
Synthesis of 1,3-dimethyl-2-phenyloctahydro-1H-benzimidazole (rac-
1). A sealed tube charged with a mixture of trans-N,N'-dimethylcy-
clohexane-1,2-diamine (198 mg, 1.39 mmol), benzaldehyde (142 pL,
1.39 mmol), and 4 A molecular sieves in anhydrous toluene (2 mL)
was heated at 120°C for 22 h under an argon atmosphere. The
reaction mixture was filtered on celite and the filter cake was rinsed
with CH,Cl,. The filtrate was evaporated under vacuum to give
a brown oil. Gravity silica chromatography with Isolute (5g)
prepacked column eluting with hexanes/EtOAc (100:0—50:50)
yielded the product as a brown oil (49 mg, 15%). HPLC (UV) >
95%. "H NMR (500 MHz, CDCl,): 6 =7.35-7.30 (m, 2H), 7.26 (ddt,
J=176,62,12Hz, 2H), 7.24-7.19 (m, 1H), 4.17 (s, 1H), 2.40 (ddd,
J=10.7,9.0,3.5Hz, 1H), 2.14 (d, /= 0.7 Hz, 3H), 2.03 (ddd, J =10.3,
9.0,3.7Hz,1H), 1.99-1.92 (m, 1H), 1.89 (d,/=0.7 Hz,3H), 1.87-1.84
(m, 1H), 1.80-1.72 (m, 2H), 1.29-1.11 ppm (m, 4H). “C NMR
(126 MHz, CDCl;): 6 =140.0, 129.5, 128.1, 128.0, 89.9, 69.5, 68.6, 37.6,
35.8,29.1,29.1,24.6,24.5 ppm. "N NMR (51 MHz, CDCl,): § = —324,
—312 ppm. HRMS (ESI") m/z 230.1786 (C,sH,,N, requires 230.1783).
NMR spectra were recorded at 298 K, using CDCl, as solvent, on
a Varian SYSTEM 500 NMR spectrometer equipped with a 5 mm
HCN cold probe, operating at 499.81 ("H), 125.69 (*C), and
50.65 MHz (“N). 'H and "C chemical shifts are reported in ppm
from Me,Si and N chemical shifts from MeNO,. '"H- and *C NMR
recordings were performed using standard Varian pulse sequences.
2D (*H-"N) NMR gradient heteronuclear multiple-bond correlation
(2-HMBC) experiments were obtained with a 'H spectral window of
5924 Hz, a N spectral window of 9625 Hz, 1s of relaxation delay,
1024 data points, and 200 time increments, 64 transients per incre-
ment, with a linear prediction to 512. The data were zero-filled to
1024 x 1024 real points. As the intensity of cross peaks depends on the
heteronuclear long-range coupling constant, two experiments were
obtained one optimized for 6 Hz and the second optimized for 2 Hz.

Keywords: analytical methods - chirality -
density functional calculations - nitrogen heterocycles -
NMR spectroscopy

Zitierweise: Angew. Chem. Int. Ed. 2015, 54, 3997-4000
Angew. Chem. 2015, 127, 4069-4072

[1] P. M. Nair, J. D. Roberts, J. Am. Chem. Soc. 1957, 79, 4565 —4566.

[2] a) G. R. Franzen, G. Binsch, J. Am. Chem. Soc. 1973, 95, 175 -
182; b) J. Reisse, R. Ottinger, P. Bickart, K. Mislow, J. Am.
Chem. Soc. 1978, 100, 911-915; ¢) P. Borowski, J. Magn. Reson.
2012, 274,1-9.

Angew. Chem. 2015, 127, 4069 —4072

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

o

[3] a) “Stereoisomeric Relationships of Groups in Molecules™: K.
Mislow, M. Raban, Top. Stereochem. 1967, 1, 1-38; b) “Proster-
eoisomerism (Prochirality)”: E. L. Eliel, Top. Curr. Chem. 1982,
105,1-76;c) J. Brocas, M. Gielen, R. Willem, The Permutational
Approach to Dynamic Stereochemistry, McGraw-Hill Interna-
tional, New York, 1983; d) E. L. Eliel, S. H. Wilenand L.N.
Mander, Stereochemistry of Organic Compounds, Wiley, New
York, 1994; ¢) D. Nasipuri, Stereochemistry of Organic Com-
pounds, Principles and Applications, 2™ ed., New Age Interna-
tional, New Delhi, 2005; f) C. Wolf, Dynamic Stereochemistry of
Chiral Compounds— Principles and Applications, Royal Society
of Chemistry, Cambridge, 2008; g) Encyclopedia of Nuclear
Magnetic Resonance (Eds.: R. K. Harris, R. E. Wasylischen),
Wiley, Chichester, 2012.

[4] J.J. Drysdale, W. D. Phillips, J. Am. Chem. Soc. 1957, 79, 319—
322.

[5] V.1. Sokolov, P. V. Petrovskii, O. A. Reutov, J. Organomet.
Chem. 1973, 59, C27-C29.

[6] G. L. Powell, J. Jacobus, Biochemistry 1974, 13, 4024 —4026.

[7] J. C. Richards, 1. D. Spenser, Tetrahedron 1983, 39, 3549 —3568.

[8] B.D. Allen, J.-C. Cintrat, N. Faucher, P. Berthault, B. Rousseau,
D.J. O’Leary, J. Am. Chem. Soc. 2005, 127, 412 -420.

[9] A. Salomone, F. M. Perna, A. Falcicchio, S. O. Nilsson Lill, A.
Moliterni, Chem. Sci. 2014, 5, 528 —538.

[10] T. A. Powers, S. A. Evans, Jr., Tetrahedron Lett. 1990, 31, 5835 —

5838.

[11] a) D. Neri, G. Otting, K. Wiithrich, Tetrahedron 1990, 46, 3287 —
3296; b) A. Virgili, M. M. Quesada-Moreno, J.R. Avilés-
Moreno, J. J. Lopez-Gonzilez, M. A. Garcia, R. M. Claramunt,
M. R. Torres, M. L. Jimeno, F. Reviriego, I. Alkorta, J. Elguero,
Helv. Chim. Acta 2014, 97, 471-490; c) A. R. Tulyabaev, A. R.
Tuktarov, L. M. Khalilov, Magn. Reson. Chem. 2014, 52, 3-9.
a) Y. Xu, P. Tang, L. Firestone, T. T. Zhang, Biophys. J. 1996, 70,
532-538; b) M. D. Vuaghan, P. Cleve, V. Robinson, H.S.
Duewel, J. F. Honek, J. Am. Chem. Soc. 1999, 121, 8475-8478;
¢) X.-L. Qiu, F-L. Qing, J. Org. Chem. 2002, 67, 7162-7164;
d) X.-L. Qiu, F. L. Qing, J. Org. Chem. 2003, 68, 3614-3617,
e) M. Abid, B. Torok, Tetrahedron: Asymmetry 2005, 16, 1547 -
1555; f) A. A. Marchione, R. C. Buck, Magn. Reson. Chem.
2009, 47, 194-198; ¢) A.N. El Dine, A. Khalaf, D. Grée, O.
Tasseau, F. Fares, N. Jaber, P. Lesot, A. Hachem, R. Grée,
Beilstein J. Org. Chem. 2013, 9, 1943-1948; h) T. Tanase, S.
Hatada, A. Mochizuki, K. Nakamae, B. Kure, T. Nakajima,
Dalton Trans. 2013, 42,15941-15952; 1) S. J. Pike, M. De Poli, W.
Zawodny, J. Raftery, S. J. Webb, J. Clayden, Org. Biomol. Chem.
2013, 77, 3168 -3176.

a) J. M. Brunel, B. Faure, Tetrahedron: Asymmetry 1995, 6,
2353-2356; b) H.J. Reich, K.J. Kulicke, J. Am. Chem. Soc.
1996, 118,273 -274; c) I. Yamada, M. Ohkouchi, M. Yamaguchi,
T. Yamagishi, J. Chem. Soc. Perkin Trans. 1 1997, 1869-1873;
d) M. Kruck, M. P. Munoz, H.L. Bishop, C.G. Frost, C.J.
Chapman, G. Kociok-Kohn, C.P. Butts, G.C. Lloyd-Jones,
Chem. Eur. J. 2008, 14, 7808 —7812.

a) GIAO: R. Ditchfield, Mol. Phys. 1974, 27, 789-807; F.
London, J. Phys. Radium 1937, 8, 397-409; b) B3LYP: A.D.
Becke, J. Chem. Phys. 1993, 98, 5648-5652; C. Lee, W. Yang,
R. G. Parr, Phys. Rev. B 1988, 37, 785-789; ¢) 6-311 ++ G(d,p):
R. Ditchfield, W. J. Hehre, J. A. Pople, J. Chem. Phys. 1971, 54,
724-728; M. J. Frisch, J. A. Pople, J. S. Binkley, J. Chem. Phys.
1984, 80, 3265-3269; d) Gaussian (09, Revision D01, M. J. Frisch,
G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A.
Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian,
A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada,
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A.
Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J.

[13]

[14]

www.angewandte.de

die

Chemie

4071


http://dx.doi.org/10.1021/ja01573a093
http://dx.doi.org/10.1021/ja00782a030
http://dx.doi.org/10.1021/ja00782a030
http://dx.doi.org/10.1021/ja00471a042
http://dx.doi.org/10.1021/ja00471a042
http://dx.doi.org/10.1016/j.jmr.2011.08.042
http://dx.doi.org/10.1016/j.jmr.2011.08.042
http://dx.doi.org/10.1002/9780470147108.ch1
http://dx.doi.org/10.1007/BFb0039197
http://dx.doi.org/10.1007/BFb0039197
http://dx.doi.org/10.1021/ja01559a020
http://dx.doi.org/10.1021/ja01559a020
http://dx.doi.org/10.1016/S0022-328X(00)95009-5
http://dx.doi.org/10.1016/S0022-328X(00)95009-5
http://dx.doi.org/10.1021/bi00716a032
http://dx.doi.org/10.1016/S0040-4020(01)88666-X
http://dx.doi.org/10.1021/ja045265i
http://dx.doi.org/10.1039/c3sc52099d
http://dx.doi.org/10.1016/S0040-4039(00)97971-1
http://dx.doi.org/10.1016/S0040-4039(00)97971-1
http://dx.doi.org/10.1016/S0040-4020(01)85464-8
http://dx.doi.org/10.1016/S0040-4020(01)85464-8
http://dx.doi.org/10.1002/hlca.201300395
http://dx.doi.org/10.1002/mrc.4027
http://dx.doi.org/10.1016/S0006-3495(96)79599-1
http://dx.doi.org/10.1016/S0006-3495(96)79599-1
http://dx.doi.org/10.1021/jo0257400
http://dx.doi.org/10.1021/jo034098m
http://dx.doi.org/10.1016/j.tetasy.2005.02.034
http://dx.doi.org/10.1016/j.tetasy.2005.02.034
http://dx.doi.org/10.1002/mrc.2376
http://dx.doi.org/10.1002/mrc.2376
http://dx.doi.org/10.3762/bjoc.9.230
http://dx.doi.org/10.1039/c3dt51433a
http://dx.doi.org/10.1039/c3ob40463c
http://dx.doi.org/10.1039/c3ob40463c
http://dx.doi.org/10.1016/0957-4166(95)00311-C
http://dx.doi.org/10.1016/0957-4166(95)00311-C
http://dx.doi.org/10.1021/ja953198+
http://dx.doi.org/10.1021/ja953198+
http://dx.doi.org/10.1039/a608228i
http://dx.doi.org/10.1002/chem.200800825
http://dx.doi.org/10.1080/00268977400100711
http://dx.doi.org/10.1051/jphysrad:01937008010039700
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1063/1.1674902
http://dx.doi.org/10.1063/1.1674902
http://dx.doi.org/10.1063/1.447079
http://dx.doi.org/10.1063/1.447079
http://www.angewandte.de

Angewandte
Zuschriften

Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, [16] G.-J. Kim, S.-H. Kim, P-H. Chong, M.-A. Kwon, Tetrahedron

J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Lett. 2002, 43, 8059 —-8062.

Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, [17] a) A. Quintard, C. Bournaud, A. Alexakis, Chem. Eur. J. 2008,
J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. 14, 7504-7507; b) A. Quintard, S. Belot, E. Marchal, A.
Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, Alexakis, Eur. J. Org. Chem. 2010, 927-936; c) A. Quintard,
C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. A. Lefranc, A. Alexakis, Org. Lett. 2011, 13, 1540—1543.
Zakrzewski, G.A. Voth, P. Salvador, J.J. Dannenberg, S. [18] a) E. L. Eliel, J. Chem. Educ. 1980, 57, 52-55; b) J. Frey, Z.
Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, Rappoport, J. Org. Chem. 1997, 62, 8372 -8386; c) D. Casarini,
J. Cioslowski, D. J. Fox, Gaussian, Inc., Wallingford CT, 2009. L. Lunazzi, A. Mazzanti, Eur. J. Org. Chem. 2010, 2035 —2056.

[15] a) '"H: A. M. S. Silva, R. M. S. Sousa, M. L. Jimeno, F. Blanco, 1.
Alkorta, J. Elguero, Magn. Reson. Chem. 2008, 46, 859 —864;
b) ®C & “N: F. Blanco, 1. Alkorta, J. Elguero, Magn. Reson. — Received: December 18, 2014
Chem. 2007, 45, 797 —-800. Published online: February 3, 2015

4072 www.angewandte.de © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2015, 127, 4069 —4072


http://dx.doi.org/10.1002/mrc.2272
http://dx.doi.org/10.1002/mrc.2053
http://dx.doi.org/10.1002/mrc.2053
http://dx.doi.org/10.1016/S0040-4039(02)01962-7
http://dx.doi.org/10.1016/S0040-4039(02)01962-7
http://dx.doi.org/10.1002/chem.200801212
http://dx.doi.org/10.1002/chem.200801212
http://dx.doi.org/10.1002/ejoc.200901283
http://dx.doi.org/10.1021/ol200235j
http://dx.doi.org/10.1021/ed057p52
http://dx.doi.org/10.1021/jo971049z
http://dx.doi.org/10.1002/ejoc.200901340
http://www.angewandte.de

