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to give 0.279 g (60%) of a pale yellow solid: mp 180 °C dec; [«]¥p
+745° (¢ 0.0042, CHCI;); '"H NMR (CDCl,) 6 2.32 (s, 3 H), 3.0-3.1
(ddd, 1 H,J = 1.33, 11.56, 16.46 Hz), 3.7 (dd, | H, J = 3.90, 16.48 Hz),
4.6 (dd, 1 H, J = 4.62, 11.50 Hz), 5.1 (m, 2 H), 6.5 (m, | H), 6.9 (m,
2 H),7.3-7.4 (m,7H),7.5(d, | H,J =8.21 Hz); 3C NMR (CDCly)
168.30, 162.40, 148.81, 136.60, 129.85, 129.62, 128.80, 127.65, 126.73,
12573, 125.05, 124.05, 122.09, 117.88, 115.04, 94.42, 58.69, 30.58, 14.95
(1 carbon atom missing); HRMS calcd for C,,H 3N,O; M + 1 358.1318,
M - CsHgN 266.0817, found M + 1 358.1327, M - C;HgN 266.0819.

Enyne 23, A mixture of 0.375 g (0.780 mmol) of vinyl triflate 19,
0.347 g (0.936 mmol, 1.2 equiv) of 3,3-dimethyl-1-(tributylstannyl)-1-
butyne, 99.2 mg (2.34 mmol, 3.00 equiv) of lithium chloride, and 36.0
mg (4 mol%) of tetrakis(triphenylphosphine)palladium(0) in 30 mL of
THF was heated to reflux overnight. The reaction was cooled and then
poured into CHCI;. The organic layer was washed with several portions
of water and then with 10% aqueous ammonium hydroxide. The organic
layer was dried over MgSO,. Filtration and evaporation of solvent in
vacuo left a black residue, which was further purified by column chro-
matography (25% EtOAc/hexanes) and recrystallized from EtOAc/
hexanes to give 209 mg (65%) of thin, golden needles: mp 205-206 °C;
[a]Bp +682° (¢ 0.0038, EtOAc); 'H NMR (CDCl3) § 1.2 (s, 9 H), 2.3
(s, 3H),3.0(ddd, 1 H, J = 2.28, 11.56, 16.67 Hz), 3.7 (ddd, L H, J =
1.81,4.51,16.67 Hz), 4.5 (dd, | H, J = 4.52, 11.53 Hz), 7.00 (d, | H,
J =8.24Hz), 7.04 (t, | H, J = 2.03 Hz), 7.3-7.4 (m, 6 H), 7.48 (d, |
H, J = 8.19 Hz); ¥C NMR (CDCl,) § 168.04, 161.98, 148.76, 136.55,
131.22,129.82, 128.77, 127.65, 125.80, 125.68, 124.10, 122.11, 117.81,

107.41, 103.64, 94.31, 72.48, 58.22, 35.02, 30.88, 28.18, 14.95; HRMS
caled for C,sHyN,O3 M* 412.1788, M - CH; 397.1553, M - C,,H,;,NO
238.0868, found: M* 412.1806, M - CHj, 397.1562, M - C;;H;NO
238.0864. Anal. Caled for CoHyN,O5: C, 75.70; H, 5.86; N, 6.79.
Found: C, 75.62; H, 5.89; N, 6.73.

Anthramycin Methyl Ether 1b.'® A solution of 200 mg (0.500 mmol)
of alcohol 22 and 50 mL of methanol and 30 mL of a 0.02 M aqueous
hydrochloric acid was stirred for 2 days at ambient temperature. The
solution was neutralized with NaHCOj and then all of the solvent was
removed in vacuo at ambient temperature to leave a yellow residue. The
residue was dissolved in 50 mL of methanol, filtered through a plug of
glass wool and then stirred at 45 °C for 2 h. The solvent was removed
in vacuo to obtain the crude anthramycin: 'H NMR (CDCl;) é 2.19 (s,
3 H), 2.69 (q H, J = 5.85,15.89 Hz), 3.10 (q Hy, / = 11.23, 15.4 Hz),
3.24(s,3 H),4.2(q, H,, J = 5.48, 11.30 Hz), 4.7 (d, H,, J = 6.54 Hz),
5.7(d, Hy, J =15.37 Hz), 6.49(d, H, J = 8.55 Hz), 7.2 (d, H;, / = 15.6
Hz), 7.29 (s, H,). See 1b of Scheme II for proton designation. This
spectrum contained the same peaks as that of an authentic sample.
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Abstract: The crystal structures of N-phenyl-3-(p-chlorophenyl)-2-propenimine, 1, and N-methyl-N-phenyl-3-(p-chloro-
phenyl)-2-propeniminium perchlorate, 2, have been determined by single-crystal X-ray techniques. Both compounds exist
as monoclinic crystals, space group P2;/c, with four molecules per unit cell. The imine 1 has cell dimensions of a = 14.438
(4) A, b=14348 (4) A, c = 6.240 (2) A, and 8 = 101.57 (3)°. The corresponding iminium salt 2 has cell dimensions of
a=7811 12 A b=16811 (5) A, c=13876 (3) A, and 8 = 113.26 (2)°. The three-dimensicnal structures of 1 and 2
are remarkably similar in terms of geometry and bond lengths. However, the C;,N bond in 2 is significantly longer than in
1. It was concluded that the C;,N bond lengthening and close anion contact to C, in 2 are a result of positive charge delocalization
to Cy. The conclusions reached from the crystallographic data have been compared with '3C NMR spectroscopic data as well

as theoretical studies.

The visual pigment rhodopsin and the light harvesting protein
bacteriorhodopsin each contain a retinal chromophore linked to
a lysine residue of a protein backbone via a protonated Schiff base.?
Despite the existence a great number of studies on the properties
and chemistry of the in vivo chromophore and in vitro studies on
the corresponding iminium salts of retinal lacking the protein

(1) This work was supported by a grant from the Natural Science and
Engineering Council of Canada.

(2) For bacteriorhodopsin, see: (a) Harbison, G. S.; Smith, S. O.; Pardoen,
J. A.; Winkel, C; Lugtenburg, J.; Herzfeld, J.; Mathies, R.; Griffin, R. G.
Proc. Natl. Acad. Sci. U.S.A. 1984, 81, 1706-1709. (b) Rothschild, K. J.;
Argade, P. V.; Earest, T. N.; Huang, K. S.; London, E,; Laio, M. J.; Bayley,
H.; Khorana, H. G.; Herzfeld, J. J. Biol. Chem. 1982, 257, 8592-8595. (c)
Harbison, G. S.; Herzfeld, J.; Griffin, R. G. Biochemistry 1983, 22, 1-5. For
rhodopsin, see: (d) Abdulaev, N. G.; Artamonov, I. D.; Bogachuk, A. S.;
Feigina, M. Yu.; Kostina, M. B,; Kudelin, A. B.; Martynov, V. L.; Mirosh-
nikov, A. 1.; Zolotarov, A. S.; Ovchinnikov, Yu. A. Biochem. Int. 1982, 5,
693-703. (e) Callender, R. H.; Doukas, A.; Crouch, R.; Nakanishi, K.
Biochemistry 1976, 15, 1621-1629. (f) Longstaff, C.; Rando, R. R. Bio-
chemistry 1985, 24, 8137-8145. (g) Hargrave, P. A.; McDowell, J. H.; Curtis,
D. R.;; Wang, J. K.; Juszczak, E.; Fung, S-L.; Rao, J. K. M,; Argos, P.
Biophys. Struct. Mech. 1983, 9, 235-244.

Table I. 3C NMR Data

1° 2 2(s)
c(1) 161.5 169.6 170.8
C(2) 126.5 116.4 118.5
c(3) 142.6 164.8 163.0
C(4) 134.8 131.9 131.5
C(5), C(9) 129.5 132.0 131.5
C(6), C(8) 129.5 130.1 131.5
(N 142.6 142.6 138.8
C(10) 152.2 144.5 143.7
C(11), C(195) 121.2 122.1 123.8
C(12), C(14) 129.1 130.6 131.5
c(13) 126.5 131.5 131.5
C(16) 41.8 41.4

4CD,Cl,. ®Trifluoracetic acid.

backbone, there remain many fundamental questions about these
systems. These include detailed information on their structure,
conformation and charge delocalization, the way such properties
change between an imine and its corresponding iminium salt, and
the importance of the nature and placement of the corresponding
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Table II. Bond Lengths (A) and Angles (deg) for N-Phenyl-3-(p-chlorophenyl)-2-propenimine (1) and

N-Phenyl-N-methyl-3-(p-chlorophenyl)-2-propeniminium Perchlorate (2)

1 2 1 2

Bond Lengths
C(1)-N 1.274 (4) 1.325 (8) C(1)-C(2) 1.444 (4) 1.410 (8)
C(2)-C(3) 1.327 (5) 1.330 (10) C(3)-C4) 1.461 (4) 1.448 (8)
C(4)-C(5) 1.401 (4) 1.398 (9) C(4)-C(9) 1.388 (4) 1.377(7)
C(5)-C(6) 1.376 (4) 1.371 (8) C(6)-C(7) 1.380 (4) 1.369 (7)
C(7)-C(8) 1.380 (4) 1.364 (9) C(7)-CI(2) 1.733 (3) 1.739 (6)
C(8)-C(9) 1.378 (5) 1.366 (8) C(10)-N 1.415 (3) 1.438 (6)
C(10)-C(11) 1.392 (4) 1.374 (8) C(10)-C(15) 1.385 (4) 1.400 (9)
C(11)-C(12) 1.378 (5) 1.369 (9) C(12)-C(13) 1.377 (5) 1.379 (13)
C(13)-C(14) 1.375 (5) 1.376 (12) C(14)-C(15) 1.375 (5) 1.398 (10)
C(16)-N 1.483 (9) CI{1)-O(1) 1.351 (7)
CI(1)-0(2) 1.341 (5) CI(1)-0(3) 1.411 (4)
CI(1)-0(4) 1.350 (8)

Bond Angles
C(2)-C(1)-N 122.1 (2) 126.2 (5) C(1)-C(2)-C(3) 123.5 (3) 118.0 (5)
C(2)-C(3)-C4) 127.3 (3) 126.8 (5) C(3)-C(4)-C(5) 122.7 (3) 119.7 (5)
C(3)-C(4)-C(9) 119.9 (2) 122.4 (5) C(4)-C(5)-C(6) 121.3 (3) 122.0 (5)
C(5)-C(6)-C(7) 119.2 (3) 118.4 (6) C(6)-C(7)-C(8) 121.3 (3) 120.4 (5)
C(6)-C(7)-C1,CI(2) 119.8 (2) 119.2 (5) C(8)-C(7)-C1,CI(2) 119.0 (2) 120.4 (4)
C(7)-C(8)-C(9) 118.6 (3) 121.4 (5) C(4)-C(9)-C(8) 122.2 (3) 119.8 (8)
C(11)-C(10)-N 117.8 (2) 119.2 () C(15)-C(10)-N 123.8 (3) 119.1 (5)
C(10)-C(11)-C(12) 121.0 (3) 120.0 (7) C(11)-C(12)-C(13) 119.9 (3) 120.0 (7)
C(12)-C(13)-C(14) 119.7 (3) 120.4 (7) C(13)-C(14)-C(15) 120.6 (3) 121.0 (7)
C(10)-C(15)-C(14) 120.6 (3) 116.9 (6) C(1)-N-C(10) 119.1 (2) 119.6 (5)
C(1)-N-C(16) 121.3 (5) C(10)-N-C(16) 119.1 (5)
O(1)-CI(1)-0(2) 108.5 (4) O(1)-CI(1)-0(3) 107.8 (3)
O(1)-CI(1)-0(4) 104.2 (5) 0O(2)-CI(1)-0O(3) 114.4 (3)
0O(2)-CIl(1)-0(4) 110.4 (4) O(3)-CI(1)-0(4) 111.0 (4)

counterion on the chemistry of the systems.> There is a paucity

of direct information on the basic properties not only for these
imines and iminium salts of retinal but also for simpler analogues
of these systems.

The most direct technique to produce accurate structural in-
formation about a particular molecule is single-crystal X-ray
crystallography. This has been used successfully to obtain bond
lengths and angles for all-trans* and 11-cis-retinal, the parent

(3) For counterion effects on absorption spectra, see: (a) Honig, B.; Dinur,
U.; Nakanishi, K.; Balogh-Nair, V.; Gawinowicz, M. A.; Arnaboldi, M.;
Motto, M. A. J. Am. Chem. Soc. 1979, 101, 7084-7086. (b) Sheves, M ;
Nakanishi, K:; Honig, B. J. Am. Chem. Soc. 1979, (0], 7086-7088. (c)
Nakanishi, K.; Balogh-Nair, V.; Arnaboldi, M.; Tsujimoto, K.; Honig, B. J.
Am. Chem. Soc. 1980, 102, 7945-7947. (d) Blatz, P. E.; Mohler, J. H,;
Navangul, H. V. Biochemistry 1972, |1, 848-855. (e) Waddell, W. H.;
Schaffer, A. M.; Becker, R. S. J. Am. Chem. Soc. 1977, 99, 8456-8460. For
related conformational studies, see: (f) Honig, B.; Greenberg, A. D.; Dinur,
U.; Ebrey, T. G. Biochemistry 1976, 15, 4593-4599. (g) Spudich, J. L,;
McCain, D. A.; Nakanishi, K.; Okabe, M.; Shimizu, N.; Rodman, H.; Honig,
B.; Bogomolni, R. A. Biophys. J. 1986, 49, 479-483. (h) Lugtenberg, J.;
Muradin-Szweykowska, M.; Heeremans, C.; Pardoen, J. A.; Harbison, G. A.;
Herzfeld, J.; Griffin, R. G.; Smith, S. O.; Mathies, R. A. J. Am. Chem. Soc.
1986, /08, 3104-3105. (i) Childs, R. F.; Shaw, G. S.; Wasylishen, R. E. J.
Am. Chem. Soc. 1987, 109, 5362-5366. (j) Harbison, G. S.; Mulder, P. P.
J.; Pardoen, H.; Lugtenberg, J.; Herzfeld, J.; Griffin, R. G. J. Am. Chem. Soc.
1988, /07, 4809-4816. For thermal isomerization of imines and iminium salts
based on counterion selection, see: (k) Warshel, A. Proc. Natl. Acad. Sci.
U.S.4.1978, 75, 2558-2562. (1) Sheves, M.; Baasov, T. J. Am. Chem. Soc.
1984, /06, 6840-6841. (m) Tavan, P.; Schulten, K.; Oesterhelt, D. Biophys.
J. 1985, 48, 415-430. (n) Seltzer, S. J. Am. Chem. Soc. 1987, 109,
1627-1631. (o) Seltzer, S.; Zuckermann, R. J. Am. Chem. Soc. 19885, 107,
5523-5525. (p) Lukton, D.; Rando, R. R. J. Am. Chem. Soc. 1984, [06,
258-259. (q) Lukton, D.; Rando, R. R. J. Am. Chem. Soc. 1984, 06,
4525-4531. For photochemical differences between imines and iminium salts,
see: (r) Becker, R. S. Photochem. Photobiol. 1988, 48, 369-399. (s) Becker,
R. S.; Freedman, K.; Causey, G. J. Am. Chem. Soc. 1982, 104, 5797-5798.
(t) Becker, R. S.; Freedman, K. J. Am. Chem. Soc. 1985, 107, 1477-1485.
(u) Becker, R. S.; Freedman, K. J. Am. Chem. Soc. 1986, 108, 1245-1251.
(v) Birge, R. R; Einterz, C. M.; Knapp, H. M.; Murray, L. M. Biophys. J.
1988, 53, 367-385. (w) Birge, R. R.; Murray, L. M.; Zidovetzki, R.; Knapp,
H. M. J. Am. Chem. Soc. 1987, 109, 2090-2101. (x) Sandorfy, C.; Vocelle,
D. Can. J. Chem. 1986, 64, 2251-2266. (y) Childs, R. F.; Shaw, G. S. J. Am.
Chem. Soc. 1988, 110, 3013-3017.

(4) Hamanaka, T.; Mitsui, T.; Ashida, T.; Kakudo, M. Acta Crystallogr.
1972, B28, 214-222.

(5) Gilardi, R. D; Karle, I. L.; Karle, J. Acta Crystallogr. 1972, B28,
2605-2612,

aldehyde chromophore found in bacteriorhodopsin and rhodopsin,
respectively. Unfortunately, the structures of few conjugated
imines or iminium salts, which more closely mimic the chro-
mophores found in the natural pigments, have been determined.
Indeed there are few reports of the structure determinations of
imines or iminium salts of any type.” There has been no report
of the determination of the structure of a retinylidene iminium
salt in the open literature.®

A variety of less direct methods have been used to probe the
structures of conjugated imines and iminium ions. These include
'H and 3C NMR spectroscopy, infrared, resonance Raman, and
absorption spectroscopy, and theoretical techniques.®® In many

(6) (a) Childs, R. F.; Dickie, B. D.; Faggiani, R.; Fyfe, C. A.; Lock, C.
J. L.; Wasylishen, R. E. J. Crystallogr. Spectrosc. Res. 1985, 15, 73-87. (b)
Chentli-Benchika, F.; Declercq, J-P.; Germain, G.; Meerssche, M. V. Acta
Crystallogr. 1977, B33, 3428-3437. (c) Chentli-Benchika, F.; Declercq, J-P.;
Germain, G.; Meerssche, M. V.; Michel, A. Cryst. Struct. Commun. 1977,
6, 421-424. (d) Bernstein, J.; Schmidt, G. M. 1. J. Chem. Soc., Perkin Trans.
21972, 951-955. (e) Burgi, H. B; Dunitz, J. D. Helv. Chim. Acta 1970, 53,
1747-1764. (f) Bernstein, J. J. Chem. Soc., Perkin 2 1972, 946-950.

(7) (a) Trefonas, L. M,; Flurry, R. L.; Majeste, R.; Meyers, E. A,
Copeland, R. F. J. Am. Chem. Soc. 1966, 88, 2145-2149. (b) Selzer, J. O.;
Matthews, B. W. J. Phys. Chem. 1976, 80, 631-635. {c) Matthews, B. W.;
Stenkamp; Colman, P. M. Acta Crystallogr. 1973, B29, 449-454. (d) Sun-
daralingam, R. E.; Chwang, A. K. In Carbonium Ions; Olah, G. A., Schleyer,
P. von R., Eds.; Wiley Interscience: New York, 1976; Vol. V, pp 2427-2476.

(8) Kakitani, T.; Kakitani, H. J. Phys. Soc. Jpn. 1975, 38, 1455-1463.

(9) (a) Harbison, G. S.; Smith, S. O.; Pardoen, J. A; Courtin, J. M. L ;
Lugtenburg, J.; Herzfeld, J.; Mathies, R. A,; Griffin, R. G. Biochemistry
1985, 24, 6955. (b) Patteroni, C.; Lauterwein, J. Helv. Chim. Acta 1981, 64,
1969-1984. (c) Muccio, D. D.; Copan, W. G.; Abrahamson, E. W.; Mateescu,
G. D. Org. Magn. Reson. 1984, 22, 121-124. (d) Bissonette, M.; Vocelle, D.
Chem. Phys. Lett. 1984, 111, 506-510. (e) Bissonette, M.; Thanh, H. L.;
Vocelle, D. Can. J. Chem. 1984, 62, 1459~1464. (f) Thanh, H. L.; Vocelle,
D. Chem. Phys. Lett. 1984, 11{, 501-505. (g) Kaufmann, K. J.; Rentzepis,
P. M.; Stoeckenius, W.; Lewis, A. Biochem. Biophys. Res. Commun. 1976,
68, 1109-1115. (h) Smith, S. O.; Meyers, A. B.; Mathies, R. A; Pardoen,
J. A.; Winkel, C.; Van Der Berg, E. M. M.; Lugtenburg, J. Biophys. J. 1985,
47, 653-664. (i) Motto, M. G.; Sheves, M.; Tsujimoto, K.; Balogh-Nair, V.;
Nakanishi, K. J. Am. Chem. Soc. 1980, 102, 7947-7949. (j) Sheves, M ;
Nakanishi, K. J. 4m. Chem. Soc. 1983, 105, 4033-4039. (k) Cossette, D.;
Vocelle, D. Can. J. Chem. 1987, 65, 661-665. (1) Honig, B.; Hudson, B;
Sykes, B. D; Karplus, M. Proc. Natl. Acad. Sci. U.S.A. 1971, 68, 1289-1293.
(m) Rowan, R.; Sykes, B. D. J. Am. Chem. Soc. 1974, 96, 7000-7008. (n)
Mantione, M. J.; Pullman, B. Int. J. Quantum Chem. 1971, 5, 349-360. (o)
Inoue, Y.; Tokito, Y.; Chujo, R.; Miyoshi, Y. J. Am. Chem. Soc. 1977, 99,
5592-5596.
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of these studies, attempts have been to assess the charge delo-
calization in the molecules.

In the current work, the structures of a simple «,8-unsaturated
imine and its related iminium salt have been determined by sin-
gle-crystal X-ray crystallographic techniques. The structural
information obtained is used in order to determine the charge
delocalization in iminium salts. The conclusions reached from
the crystallographic data have been compared with 13C NMR
spectroscopic data as well as theoretical studies.

Results and Discussion

The compounds chosen for this study were N-phenyl-3-(p-
chlorophenyl)-2-propenimine 1, and N-methyl-N-phenyl-3-(p-

SN i

| |
Clog

Cl Ci
1 2

chlorophenyl)-2-propeniminium perchlorate, 2. These molecules
were selected because they both exist as solids at room temperature
and, in the case of 2, a considerable amount of photochemical and
thermal isomerization data has been accumulated.!® These
a,B-unsaturated systems differ by the presence of an N-methyl
group on 2.

The imine 1 and salt 2 were synthesized as previously de-
scribed.!® The 'H NMR spectra of 1 and 2 were similar to those
previously reported, and in each case it was clear that after
crystallization only one stereoisomer about the C==N bond was
present, However, the configurations of 1 and 2 could not be
readily determined by 'H NMR spectroscopic techniques.

The 3C NMR spectra of solutions of 1 and 2 were obtained
(Table I). As can be noted from Table I, the most significant
differences in the '3C NMR spectra of 2 as compared to those
of 1 are the small shifts to lower field of C; and higher field of
C,, coupled with a relatively large 20 ppm shift to lower field of
C,. These changes are fully consistent with the cationic nature
of 2,

The *C NMR spectrum of 2 was also obtained in the solid state
with use of cross-polarization magic angle spinning (CPMAS)
techniques. Quaternary and methyl resonances in the spectrum
were assigned with use of a delay without decoupling sequence.!!
As can be seen from the data in Table I, the '3C resonances for
2 are similar in the solution and solid-state spectra. This suggests
that no major difference in the structure or charge delocalization
of 2 exists in these two phases. Examination of the electronic
absorption spectra of 2 in both the solid and solution phases verified
this finding. The absorption spectrum of 2 in the solid state (370
nm) was approximately the same as that in benzene (362 nm),
suggesting that the cation/anion interactions in 2 are similar in
both phases.

X-ray Crystallographic Analysis. Single crystals of 1 and 2,
suitable for X-ray crystallographic determination, were grown by
distillation of diethyl ether into acetonitrile solutions of the re-
spective compound. The crystals were stable at room temperature
in the absence of moisture. Details of the collection of data and
the solution of the structures can be found in the Experimental
Section. Interatomic distances and angles for each structure are
given in Table II. The structures of 1 and 2 are shown in Figure
l.

The notable feature of the structures of 1 and 2 is their sim-
ilarity. This is shown, for example, by comparing the corre-
sponding bond distances of 1 and 2 presented in Table I[I. The

Childs et al.

Figure 1. Structures of 1, A, and 2, B.

only significant differences (>3¢ where ¢ = v/ /(0,2 + 05?)) in
bond distances are found for C,,N (5.70), C,,C, (3.80), and C;,N
(3.40). Angular changes are also noticed: C,C,N is larger (7.60),
whereas C,C,C; is smaller (-9.40).

The overall conformations of 1 and 2 are similar despite these
molecules having quite different crystal-packing arrangements
(Figure 2). In each case, three well-defined planes can be as-
signed: (A) N,C,_;, (B) C4y, and (C) Cyo_ys. The maximum
deviations from planarity were found to be 0.050 A at C, in plane
A of 1,and 0.012 A at Cg in plane B and 0.012 A at C,, in plane
Cin2.

The angles between planes A, B, and C for 1 and 2 are shown
in Figure 3. The angle between the A and B planes in 1 is
approximately 21.5° and is consistent with the angle of 24.8° found
in a similar imine.!> In the iminium salt 2, the corresponding
angle between the A and B planes is only 9.8°, which is signif-
icantly smaller than that found in the imine 1. This smaller
dihedral angle in 2 compared to 1 could indicate increased con-
jugation of the C-phenyl ring with the iminium function and
positive charge delocalization in 2 from nitrogen through C;, C,,
and C; and into the p-chlorophenyl ring. In the related iminium
salts 3 and 4, the phenyl substituents were found to lie either in

~NF N+
N N

| [
| |

cloq CI0s~

CHa
3

4
or very close to the plane defined by the iminium portions of the
cations.%® No structures of the imines corresponding to 3 and 4
have been reported.

In the imine 1, the C;,N bond length is 1.274 (4) A. This is
well within the range of 1.23-1.29 A found in previous X-ray
crystallographic determinations for the C==N bond in simple
conjugated imines'? or 1.279 (8) A in C;-aryl-substituted imines.!?
The corresponding C,,N bond in the iminium salt 2 is substantially
lengthened (1.325 (8) A) as compared to that of 1. Accompanying
this change in the C==N bond length in 2 is a decrease in the
C==N stretching frequency in its infrared spectrum; 1622 cm™!
was observed as compared to 1628 cm™ in 1. The increased length
of the C|,N bond and the decreased C==N stretching frequency
in 2 compared to 1 are indicative of positive-charge delocalization

(10) (a) Pankratz, M.; Childs, R. F. J. Org. Chem. 1985, 50, 4553-4558.
(b) Pankratz, M.; Childs, R. F. J. Org. Chem. 1988, 53, 3278-3283.
(11) Opella, S. J; Frey, M. H. J. Am. Chem. Soc. 1979, 101, 5854-5856.

(12) Bernstein, J.; Izak, L. J. Chem. Soc., Perkin Trans. 2 1976, 429-434,
(13) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen, A.
G.; Taylor, R. J. Chem. Soc., Perkin Trans. 2 1987, S1-S19.
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Figure 2. The packing of 1, A, and 2, B.

21.5°

B /38.4

1

Figure 3. Angles between best-fit planes A, B, and C for 1 and 2.

from N to the carbon framework in 2.

The elongation in the C,N bond of 2 as compared to that of
1 observed in this work is consistent with the results of calculations
reported by several groups which have shown that the formation
of an iminium cation from its neutral imine will result in an
increase in the C==N bond by approximately 0.05-0.07 A 3m8

It is interesting to note that the C,N bond in 2 has the same
bond distance as that found in the unconjugated tetramethyl-
methaniminium fon, 1.30 (2) A a system which has been suggested
to represent a “pure” C==N* bond.” the C;,N bond of 2 is longer
than those reported for the same internuclear distances in the
conjugated iminium salts 3 (1.284 (9)) (3.40) and 4 (1.290 (6))
(3.50) with methyl substituents on the N atom. This variation
in C==N bond length in iminium salts, such as 24, suggests that
care should be exercised in making structural comparisons on
iminium salts which have different substituents on nitrogen. It
should be noted that there is no significant difference in any of
the C-C internuclear distances in 3 and 4 as compared to the
corresponding bonds in 2.

As was noted, the C,,C, bond is shorter and N,C,, bond is
longer in 2 as compared to those of 1. These differences in bond
lengths, which are just beyond the bounds of experimental error,
could be caused by the effect of the positive charge present in 2.
In the case of the C,,C, bond, this shortening could be the result
of enhanced conjugation of the system and delocalization of the
charge onto the carbon framework. It is interesting that calcu-
lations of the geometries of retinal imines and iminium salts have
given directly comparable bond distances to those found here for
Cl,N, Cl’CZ’ and N,Cl6.3m

The C,.C; bonds, in 1and 2 (1.330 (10) A and 1.327 (5) A,
respectively), are the same within experimental error, suggesting
that no significant change in the C==C bond length occurs upon

conversion of 1 to 2. The C,,C; bond lengths in 1 and 2 are typical
of those found in ethylene or the double bonds in polyenes.!? This
lack of lengthening of the C,,C; bond suggests that a formal double
bond is present and that positive charge in 2 is not extensively
delocalized to C, or the C-phenyl substituent. The C==C bond
distance of 1 and 2 found here are different from the results of
calculations on retinal systems where considerable lengthening
of the C,3,C,, bond is found in the iminium sajts.>®

Overall, comparison of the structures of 1 and 2 suggests thai
in the iminium salt 2 most of the positive charge is located on
nitrogen with a lesser amount being delocalized to . This
conclusion is open to test in terms of the changes observed in BC
NMR chemical shifts between these two systems.

13C NMR Spectroscopic Analysis. Karplus and Pople developed
a relationship between the change in !3C chemical shift for a
specific carbon of a charged and a neutral organic molecule and
the accompanying change in carbon m-electron density.'* From
a series of organic molecules and ions, it has been found that a
change of one electron is usually accompanied by a change in 13C
chemical shift (A8) of between 160 and 180 ppm. For carbenium
ions a value of 160 ppm/electron is generally accepted.'*

An analysis of the Ad values derived from the '*C NMR
chemical shifts of 1 as compared to those of 2 shows that the
largest change is about 21 ppm at C; (Table ). The 46 for C,
is much smaller (8.3 ppm) than this. However, previous NMR
studies have generally found that the chemical shift of a carbon
o to a heteroatom is a poor indicator of the charge distribution.!™¢

The differences in chemical shifts of the various carbon reso-
nances of 1 and 2 can be expressed in terms of the changes in
charge density (Table III). It can be seen that the total charge
induced on the carbon framework is +0.18. This estimate is
undoubtedly approximate with no account being taken of the errors
associated with assessing the charge on C; or the neglect of the
charge on the N-methyl and N-phenyl groups.!” However, the

(14) Karplus, M.; Pople, J. A. J. Chem. Phys. 1963, 38, 2803-2807.

(15) (a) Cornelius, A.; Laszlo, P. Org. Magn. Reson. 1977, 5, 99-100. (b}
Farnum, D. G. Adv. Phys. Org. Chem. 1975, 11, 123-175.

(16) Adam, W.; Grimison, A.; Rodroguez, G. J. Chem. Phys. 1968, 50,
645-654.
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Table I1I. Calculated Charge Density Based on '*C NMR Chemical
Shift Data®® for Compound 2

position charge density
C(1) 0.06
C(2) -0.05
C(3) 0.13
C(4) -0.02
C(5), C(9) 0.02 (each)
C(6), C(8) 0.01 (each)
C(7)
0.18 (total)

4Charge density for each carbon [6(Ci(iminium salt)) - &(Ci-
(imine))]/160. ®Charge density changes for the N-aryl and N-methyl
carbons are neglected.

important point to note is that the total charge induced on the
vinylic carbon framework is relatively small, supporting the
conclusion reached on the basis of the structural changes that the
bulk of the positive charge resides on the nitrogen atom of 2.

Cation/Anion Interactions. To this point the structure of the
cationic portion of the iminium salt 2 has been discussed with no
reference to the counteranion. It has been previously shown that
the anion can in certain instances have large effects on the ab-
sorption spectra of iminium salts.®* % This has been shown to
be a ground-state effect that results from a specific cation/anion
interaction, Tt is interesting to examine this question in more detail
with the results available from this work.

The dominant feature of the packing of 2 in the unit cell is the
w— interactions between the phenyl rings which form stacks along
the a directionat b =1/,, ¢ =1!/,and b = 0,c = 0. The result
is a nearly square cation grid and the anions sit in the resultant
holes. Only one of the oxygen atoms of the anion is significantly
restricted in its motion, O;. The Cl1;-0O; bond length (1.411 (4)
A) is significantly longer than the other C-O distances but it is
not abnormally long. In fact, the other distances are probably
artificially shortened because of the large thermal motions of the
oxygen atoms. The packing precludes any close approach of an
oxygen atom to the nitrogen atom, so the shortest N«-O contacts
(N--Oy 3.68 A, N-.O,” 3.62 A) are much longer than the van
der Waals distance (2.90 A). The oxygen atoms can approach
the carbon atoms of the allicyclic chain, however, and there are
three oxygen atoms adjacent to C;, O; and O, from one per-
chlorate ion (C,-~O, 3.38 A, C;-0, 3.23 A) and O, from another
perchlorate ion (C,-~O,! 3.34 zi). This last atom also approaches
C, (C,0,' 3.34 A); O, from a third perchlorate ion approaches
C, (Cp0,' 3.26 A). All distances are greater than the van der
Waals distance (3.15-3.20 A), implying that interactions are only
van der Waals and therefore weak. This is consistent with the
absence of significant differences in the 13C NMR spectra of 2
in solution or solid state.

The placement of an anion with respect to a charged chro-
mophore such as 2 has been suggested to be one of the factors
responsible for the “red” shift in the natural visual chromophores.
In the present case the UV spectrum of 2 in solution (Ap,, 362
nm) and the solid state (A, 370 nm) are very similar, indicating
once more that there are no major changes in structure of the
cation in the two phases. One notes that, according to the work
of Nakanishi and colleagues, an anion located adjacent to C, as
is found here in the crystal lattice of 2 should have relatively little
effect on the UV absorption,’?

It is interesting that the calculations on ali-trans-retinyl-
pyrrolidiniminium perchlorate reported by Birge and co-workers®”
indicated two equilibrium positions for the ClO,~ anions. These
were above and below the polyene chain at either C;5 or C,5 and
C,, jointly. These positions correspond to C, or C; and C; jointly
in 2. As was shown above in 2, while no specific interactions of

(17) Comparison of the '*C NMR spectra of N-methyl imines and their
related iminium salts shows that N-methyl group is generally found at higher
field in iminium salts {ca. 6 ppm). Compare, for example, the '*C chemical
shift of Cy¢ in 2 with the N-methyl resonances reported {Table IIT) by Naulet
et al. Naulet, N.; Filleux, M. L.; Martin, G. J.; Pornet, J. Org. Magn. Reson.
1975, 7, 326-330.

Table IV. Crystal Data

Childs et al.

compound (CigHsNCIY) (Cl10,) CsH,NCI
FW 356.17 241.72
crystal size, mm 0.30 X 0.30 X 0.25 0.30 X 0.30 X 0.10
rough cube plate
systematic absences  0k0 k = 2n + | 0kOk=2n+1
KOl 1=2n+1 K0l 1 =2n+1
space group P2,/c P2,/c
unit cell
a, A 7811 14.438
b, A 16.811 14.348
e, A 13.876 6.240
8, deg 113.26 101.57
volume, A3 1673.97 1266.39
z 4 4
Peater & €M7 1.413 1.268
(Mo Ka), cm™ 3.53 2.34
max 26, reflectn 45°, hk > 1 55°, hk > 1
meas
standard reflectn 104 (0.041) 4-32(0.012)
(esd)
251 (0.015) 16 -2 (0.009)
temp, °C 22 22
no. unique reflectn 1927 2922
no. with I >0 1317 1393
final R), R,? 0.0980, 0.0542 0.0920, 0.0764
final shift/error, max 0.044 0.020
(av)
x (secondary 0.00438 0.01092
extinCtion)
final difference map
max (e A); 0.64; 0.20 0.74 0.84 0.26; 0.08 0.88 0.76
location
min (¢ A™); -0.60; 0.38 0.80 0.32  -0.57; 0.10 0.66 0.52
location
weighting, w o F? (cF* + 0.000659F%)!
error in an obs of 2.5385 1.3278
unit wt

"Ry = ZIIFd - |Fll/ZIFol%; Ry = [Zw(IFo - [F)?/ LwF?) ™.

the ClO, anions with the iminium ion occur that are less than
the sum of the van der Waals distances, the oxygen atoms are
found in the vicinity of C; (and C,) but not C,;. There is no
interaction of an oxygen of the perchlorate anion with C; of 2 that
is closer than 3.584 (8) A. If there were substantial positive charge
at C; in this molecule, then it would be expected that an anion
would be placed in close contact with this atom in the crystal
lattice.!®

Conclusion

The results presented here represent the first time that it has
been possible to directly compare the structure of an imine and
its related iminium salt. While the system discussed is a long way
from the polyynsaturated iminium salts involved in the visual
pigments chromophores, it is in principle possible to get substantial
delocalization in 1 and 2 due to the phenyl ring on C;. Despite
the possibility of extensive delocalization, it clear, however, that
in 2 most of the positive charge on the molecule resides on N and
Cl.

Experimental Section

The reagents used in this work were commercially available. Diethyl
ether was distilled from LiAlH, and stored over 3A molecular sieves.
Cinnamaldehyde was distilled before use. The imine 1 was prepared from
a condensation of aniline with p-chlorocinnamaldehyde in ether. The
iminium salt 2 was prepared by stirring p-chlorocinnamaldehyde (2.0 g,
15 mmol) in ether while equimolar amounts of N-methylaniline (800 mg,
7 mmol) and HCIO, were added dropwise until precipitation was com-
plete. The yellow salt was recrystallized twice from CH,;CN/ether and
dried under vacuum. The yield was 1.06 g, 72%.

'H NMR spectra were obtained at 90 MHz on a Varian EM390
spectrometer, or at 250 MHz on a Bruker WM250 spectrometer. Unless
otherwise noted, the probe temperature was 21 °C. '*C NMR spectra

(18) Childs, R. F.; Mahendran, M.; Zweep, S. D.; Shaw, G. S.; Chadda,
S. K.; Burke, N. A. D.; George, B. E.; Faggiani, R.; Lock, C. J. L. Pure Appl.
Chem. 1986, 58, 111-126.



J. Am. Chem. Soc. 1989, 111, 5429-5441 5429

were obtained at 62.9 MHz on a Bruker WM250 spectrometer. The
solid-state 13C NMR spectra of 2 was obtained using cross-polarization
magic angle spinning (CPMAS) on a crystalline sample. The sample was
packed into an alumina rotor under a nitrogen atmosphere and acquired
at 50.3 MHz on a Bruker MSL200 spectrometer. Spinning rates were
approximately 40004500 Hz. Methyl and quaternary carbon resonances
were assigned with the delay without decoupling pulse sequence of Opella
and Frey.!! Adamantane was used as an external reference, having
chemical shifts of 29.50 ppm (CH) and 38.56 ppm (CH;) with respect
to tetramethylsilane.!®

The solution absorption spectra of 2 was obtained at 21 °C with the
use of a Hewlett-Packard 8451A diode-array spectrophotometer. A
concentration of approximately 107> M in benzene was employed. The
solid-state absorption spectra of 2 was obtained on microcrystalline
samples by the method of Kobayashi et al.?® A thin layer of freshly
crystallized iminium salt was placed on a quartz slide. A similar slide
or one coated with KBr was used as a reference.

Determination of Crystal Structures. Collection of Data. Crystals of
the imine 1 and iminium salt 2 suitable for X-ray diffraction techniques
were Obtained from distillation of diethyl ether into an acetonitrile so-
lution of each salt at about =20 °C. Each crystal was sealed in a Lin-
demann tube for data collection.

The space group of each compound was determined through precession
photography. These showed that crystals were monoclinic and that the
space group for each was P2,/c. Accurate unit-cell parameters were
determined from a least-squares fit of x, ¢, and 28. For 1, 15 reflections
where 18.6° < 28 < 25.9° were used. In 2, a range of 19.6° < 24 <
31.3F was used for 15 reflections. Radiation was graphite mono-
chromated Mo Ka, A = 0.71069, and reflection intensities were mea-
sured with a Syntex P2, diffractometer having a coupled 8(crystal)-26-
(counter) scan. Selection of scan rates and initial data treatment have

(19) Earl, W. L,; Vander Hart, D. L. J. Magn. Reson. 1982, 48, 35-54.
(20) Kobyashi, H.; Vanagawa, Y.; Osada, H.; Minima, S.; Shiziwa, M.
Bull. Chem. Soc. Jpn. 1972, 46, 1471-1479.

been previously described.?! Corrections for Lorentz-polarization factors
were made, but not for absorption. This will make the maximum error
in F,of 1.0% in 1 and 1.3% in 2. All crystal data are summarized in
Table IV.

Solution of Structures. In the iminium salt 2, the coordinates of the
chlorine atoms were found from a three-dimensional Patterson synthesis.
All other atoms were located from three-dimensional electron-difference
syntheses by use of a series of full-matrix least-squares refinements. The
chlorine atom in the imine 1 was found by direct methods on 164 re-
flections with |E| > 1.1, and 20 sets of starting phases. All remaining
atoms were found from the subsequent difference map. Refinement of
the coordinates of all non-hydrogen atoms by full-matrix least-squares,
which minimized Zw(|F,| - |F|)? was terminated when the maximum
shift/error was 0.1. Throughout each refinement, scattering curves were
taken from those in the International Tables.”? Secondary extinction
corrections were applied from SHELX. Positional parameters for non-
hydrogen atoms of both structures are found in Tables IT and III.
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Abstract: Azophenine (AP, N,N-diphenyl-3,6-bis(phenylimino)- I ,4-cyclohexadiene-1,4-diamine) is subject in liquid solution
to a fast intramolecular double proton transfer involving two degenerate tautomers. Rate constants of this reaction have been
measured as a function of temperature by applying different methods of dynamic NMR spectroscopy to various isotopically
labeled AP species dissolved in different organic solvents. The rate constants do not depend on the dielectric constant of the
solvent, which was varied between 2 (toluene) and 25 (benzonitrile). For C,D,Cl, as solvent, the full kinetic HH/HD/DD
isotope effects were obtained at different temperatures. The observed kinetic isotope effects of kHH/kHD = 4,1 and ,HP/kDP
= 1.4 at 298 K indicate a breakdown of the rule of the geometric mean. "N CPMAS NMR experiments on crystalline azophenine
showed that the reaction also takes place in the solid state. However, the degeneracy of the tautomerism is lifted in this phase
because of intermolecular interactions. The mechanism of this reaction is discussed in detail, especially with respect to the
questions of whether tunneling is involved and whether one or two protons are transferred in the rate-limiting step. The kinetic
isotope effects can best be explained in terms of a stepwise consecutive single proton transfer mechanism involving either a
highly polar zwitterion or an apolar singlet-biradical as intermediate. The observation that solvent effects on the reaction
rates are absent and that the activation entropy of the reaction almost vanishes excludes the formation of a strongly solvated
zwitterionic intermediate. Static medium effects on the double minimum potential of the proton transfer are discussed, taking
into account previous results of IR experiments on AP and of solid-state NMR experiments on double proton transfers in organic
glasses.

In the past years there has been a particular interest in neutral
multiple hydrogen transfer reactions! where at least two protons,
hydrogen atoms, or hydride ions are transferred between heavy

(1) Since neither protons nor other ions are educts or products in these
reactions, only the term hydrogen transfer would be correct, which includes
the possibility of the transfer of protons, hydrogen atoms, or hydride ions;
however, since protons are, generally, transferred in hydrogen-bonded systems
we will use the term proton transfer.

atoms. Intramolecular®™® as well as intermolecular!®! multiple
proton transfers have been studied. The fact that ions are not

(2) Limbach, H. H. The Use of NMR Spectroscopy in the Study of Hy-
drogen Bonding in Solution. In Aggregation Processes; Gormally, J., Wyn-
Jones, E., Eds.; Elsevier: Amsterdam, 1983; Chapter 16.

(3) Limbach, H. H.; Hennig, J.; Gerritzen, D.; Rumpel, H. Faraday
Discuss. Chem. Soc. 1982, 74, 822.

(4) Hennig, J.; Limbach, H. H. J. Am. Chem. Soc. 1984, [06, 292.
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