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atom via an aziridinium intermediate cannot occur. Since
the aminomercuration is a reversible process,!? especially
in a strong acid media, the S—elimination is a much more
favorable process.

Experimental Section

General Procedures. Melting points were determined in an
open capillary on a Biichi hot-stage apparatus and are uncorrected.
Optical rotations were recorded at room temperature on a Per-
kin-Elmer Model 241 polarimeter. 'H (300-MHz) and *C NMR
(75-MHz) spectra were recorded on a Briicker AC-300 spectrom-
eter with tetramethylsilane as internal standard. GC-Mass spectra
were recorded on a Hewlett-Packard 5930 A mass spectrometer.
Microanalyses were performed on a Perkin-Elmer Model 240
instrument.

General .Procedure for Preparation of 1,2-Diamino-
cyclohexanes (4). To a THF solution (20 mL) of limonene (1.36
g, 10 mmol) and the corresponding arylamine (50 mmol) was
added dropwise a water solution of HgO (2.1 g, 10 mmol) and
HBF, (4.05 mL, 40% v/v, 20 mmol). The reaction mixture was
stirred for 30 min at -20 °C, and then it was heated to reflux for
5 h, during which time the yellow solution changed to red and
Hg® was formed. The flask was then cooled to room temperature,
and the Hg® was filtered off (1.8 g, 90%). The organic layer was
poured into 3 M NaOH (20 mL) and extracted with ether (3 X
20 mL). The ethereal layer was washed with water (2 X 20 mL),
dried (Na,S0O,), and evaporated at reduced pressure. The excess
of amine was eliminated at 10-2 Torr, and the resulting oil was
distilled at 10 Torr. A mixture of monoamines 5 and 6 distilled
at 120-130 °C, while diamines 4 were collected at 150-160 °C as
a viscous yellow-orange oil in 45-50% yield. 4a crystallized on
standing and was then recrystallized from ethanol, giving a white
crystalline solid; mp 101-102 °C.

(-)-(1R,2R,4R)-N,N-Diphenyl-1-methyl-4-(1-methyl-
ethenyl)-1,2-diaminocyclohexane (4a): [a]p —54.6° (c 1.00,
CHCly); 'H NMR (CDCl,) 6 1.2-1.5 (m + s, 5 H), 1.7-1.9 (m +
s, 6 H), 2.1 (m, 2 H), 2.3 (m, 1 H), 3.5 (s, 2 H, NH), 4.8 (s, 2 H),
7.2-6.8 (m, 10 H, Ar); 3C NMR (CDCly) 6 17.2, 20.6, 27.5, 33.6,
38.0, 43.8, 56.8, 59.6, 108.7, 114.2, 118,0, 119.8, 120.3, 128.5, 129.1,
145.6, 147.4, 148.3 MS m/z 320 (M*). Anal. Calcd for CoHgsNy:
C, 82.50; H, 8.75; N, 8.75. Found: C, 82.45; H, 8.75; N, 8.70. Anal.
Caled for CyoHogNy: C, 82.50; H, 8.75; N, 8.75. Found: C, 82.45;
H, 8.75; N, 8.70.

(-)-(1R,2R,4R)-N,N"-Bis(p-chloropheny!)-1-methyl-4-(1-
methylethenyl)-1,2-diaminocyclohexane (4b): {a]p—38.3° (¢
1.00, CHCl,); BC NMR (CDCly) § 17.5, 20.7, 27.5, 33.6, 87.9, 43.8,
57.1,59.7, 108.9, 115.3, 121.7, 122.6, 125.0, 128.5, 129.0, 144.1, 145.9,
148.2; MS m/z 388 (M*). Anal. Caled for CooHyN,Cly: C, 67.86;
H, 6.68; N, 7.19; Cl, 18.25. Found: C, 67.78; H, 6.61; N, 7.11; Cl,
18.17.

(-)-(1R,2R ,4R)-N,N"-Di-p-tolyl-1-methyl-4-(1-methyl-
ethenyl)-1,2-diaminocyclohexane (4¢c): [a]p -36.2° (¢ 1.00,
CHCly); *C NMR (CDCly) 6 17.4, 20.0, 20.2, 20.5, 27.4, 33.5, 37.9,
43.7, 56.8, 59.6, 108.5, 114.4, 121.7, 126.9, 128.9, 129.0, 129.4, 129.6,
142.6, 145.0, 148.3; MS m/z 348 (M*). Anal. Calcd for CoHgoNy:
C, 82.76; H, 9.19: N, 8.04. Found: C, 82.68; H, 9.07; N, 7.96.

(-)-N-a-Terpinyl-N-phenylamine (9). To a THF solution
(20 mL) of limonene (1.36 g, 10 mmol) and aniline (4.7 g, 50 mmol)
was added Hg(OAc); (3.18 g, 10 mmol) and the mixture stirred
at room temperature for 30 min. Then, NaOH (20 mL, 0.5 M)
and NaBH, (0.38 g, 10 mmol)/NaOH (10 mL, 3 M) were con-
secutively added. After 2 h, diethyl ether (20 mL) was added and
the solution washed with water (3 X 20 mL) (Hg® 1.9 g, 95%).
The organic layer was dried with Na,SO, and concentrated under
vacuum and the residual oil purified by flash column chroma-
tography with CH,Cl, as the eluent: yield 1.48 g, 65%; yellowish
oil; {a] -12° (¢ 1, CHCly): 'H NMR (CDCly) 6 1.2-2.0 (m, 16 H),
3.4 (br,1 H), 5.4 (s, 1 H), 7.2-6.8 (m, 5 H); 1*C NMR § 23.0 (q),
24.0 (t), 24.8 (q), 25.3 (q), 26.5 (t), 31.0 (t), 41.7 (d), 55.6 (s), 116.5
(d), 117.4 (d), 120.7 (d), 128.5 (d) 133.3 (s), 146.5 (s); MS m/z 229
(M*). Anal. Caled for C,¢Hp;N: C, 83.84; H, 10.04; N, 6.11.
Found: C, 83.80; H, 10.00; N, 6.08.

(10) Barluenga, J.; Perez-Prieto, J.; Bayon, A. M.; Asensio, G. Tetra-
hedron 1984, 40, 1199.
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Introduction

The barrier to rotation about the C-N bond of amides
is lowered by the presence of electron-donating groups
attached to the amide carbonyl.!® For example, the AG*
for C-N bond rotation in N,N-dimethyl-4-methoxybenz-
amide is 14.5 kcal mol™!, while the corresponding barrier
in N,N-dimethyl-4-nitrobenzamide is 16.4 kcal mol™,23
This effect has been attributed to competitive delocali-
zation (cross-conjugation) whereby electron donation di-
minishes the C-N bond order relative to a more elec-
tron-deficient system. In view of the striking facility for
electron donation exhibited by ferrocenes,* the rotational
barriers for ferrocenecarboxamides might be expected to
be rather low in comparison to other arenecarboxamides.
Specifically, one might expect comparatively free rotation
of the NR,R; group in the fulvene-like resonance for 2a
shown in Scheme I. Though ferrocenecarboxamides have
been known for some time,’ we know of no study of their
rotational barriers. We find that the AG* for C-N bond
rotation in the simple ferrocenecarboxamides 3 and 4 is
also about 14.4 kcal mol™. These results and a possible
explanation are recounted below.
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Results and Discussion

Ferrocenecarboxamides 3 and 4 were prepared without
incident from their corresponding acid chlorides by ex-
posure to the appropriate amines in dichloromethane,

(1) Stewart, W. E.; Siddall, T. H., III Chem. Rev. 1970, 70, 517.

(2) Jackman, L. M.; Kavanagh, T. E.; Haddon, R. C. Org. Magn. Re-
son. 1969, 1, 109.

(3) Fong, C. W,; Lincoln, S. F.; Williams, E. H. Aust. J. Chem. 1978,
31, 2615.

(4) Watts, W. E. In Comprehensive Organometallic Chemistry; Wil-
kinson, G., Stone, F. G. A., Abel, E. W.; Eds; Pergamon Press: New York,
1982; Vol. 8, pp 1051-1055.

(5) (a) Arimoto, F. S.; Haven, A. C. J. Am. Chem. Soc. 1955, 77, 6295.
(b) Schlégl, K. Monat. Chem. 1957, 88, 601. (c) Rausch, M.; Shaw, P.;
Mayo, D.; Lovelace, A. M. J. Org. Chem. 1958, 23, 505. (d) Little, W. F';
Eisenthal, R. J. Am. Chem. Soc. 1960, 82, 1577. (e) Schaaf, R. L.; Lenk,
C. T. J. Chem. Eng. Data 1964, 9, 103.

0022-3263/91/1956-2932$02.50/0 © 1991 American Chemical Society



Notes

J. Org. Chem., Vol. 56, No. 8, 1991 2933

Scheme I

o~

<<,

1

—— -

Table I. Activation Parameters for C-N Rotation in
Ferrocenecarboxamides at 298 K

amide AG*®  AH'eb AS*be ref
3 144 96x074 -16.2 % 2.6 this work
4 143 468 £ 0.66 -32.5% 2.4 this work
N,N-dimethyl-4- 146 15.0 +1.4 2
methoxybenz-
amide
N,N-dimethyl-4- 149 197 +16.3 3
methylbenzamide

skcal-mol™l. ®Uncertainty is £2¢. ¢cal deg™ mol™.

chromatographic purification, and subsequent recrystal-
lization. All of their physical and spectroscopic properties
are consistent with the assigned structures.

'H NMR spectra (300 MHz) were obtained for each
compound at various temperatures (1.0 mg mL™ in CD,Cl,
with a trace of pyridine to suppress acid-catalyzed isom-
erization). The coalescence temperature (T,) for the in-
terconversion of the syn and anti methyl groups was 295
K for 3 and 293 K for 4. Unimolecular rate constants for
isomerization were calculated by measuring Av at slow
exchange® (283-293 K for 3 and 263-289 K for 4). The slow
exchange limit was determined by lowering the tempera-
ture of the sample until the width at half height (»,/5) of
the syn and anti methyl group resonances reached a
minimum (~3.4 Hz); separation of the syn and anti methyl
resonances at this temperature afforded Ay, = 62.6 Hz at
263 K for 3 and Av, = 87.4 Hz at 253 K for 4. Arrhenius
plots afforded linear graphs with correlations coefficients
20.990; the activation parameters derived from these plots
are shown in Table I. The uncertainty in the activation
parameters’ was determined by assuming an error in the
measurement of frequency by the NMR spectrometer of
twice the hertz/point resolution and then determining the
maximum error in In (k) by propagating the error through
the equations for the calculation of the rate constants.
These errors were then used to determine the maximum
probable error in the slope and y intercept of the Arrhenius
plots. The uncertainty reported for the activation pa-
rameters is + two standard deviations. There is very little
error associated with determinations of AG*.™

There is much evidence to indicate that ferrocene is a
powerful electron donor. The pKg, value for the hydration
of the ferrocenylcarbinyl cation is —1.28,% indicating greater
stability for this cation than for the triphenylmethyl cation
(pKg+ —6.44).? Rapid solvolysis at centers adjacent to
ferrocene, studied by Richards,'® Traylor,!! Ugi,'? and

(6) Jackman, L. M.; Sternhell, 8. Applications of Nuclear Magnetic
Resonance Spectroscopy in Organic Chemistry, 2nd ed.; Pergamon Press:
New York, 1969; pp 55-60.

(7) (a) Binsch, G. In Dynamic Nuclear Magnetic Resonance Spec-
troscopy; Jackman, L. M., Cotton, F. A., Eds.; Academic Press: New
York, 1975; pp 45-82. (b) Shoup, R. R.; Becker, E. D.; McNeel, M. L. J.
Phys. Chem. 1972, 76, 71.

(8) (a) Hill, E. A.; Weisner, R. J. Am. Chem. Soc. 1979, 91, 509. pKg.
-1.49 has also been reported: (b) Cerichelli, G.; Floris, B.; Ortaggi, G. J.
Organomet. Chem. 1974, 78, 241.

(9) Arnett, E. M,; Bushick, R. D. J. Am. Chem. Soc. 1964, 86, 1564.

(10) Richards, J. H.; Hill, E. A. J. Am. Chem. Soc. 1959, 81, 3484, (b)
Hill, E. A,; Richards, J. H. J. Am. Chem. Soc. 1961, 83, 4216. (c) Hill,
E. A,; Richards, J. H. J. Am. Chem. Soc. 1961, 83, 3840. (d) Hall, D. Q;
Hill, E. A; Richards, J. H. J. Am. Chem. Soc. 1968, 90, 4972.
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others,!3 is attributed to the electron-releasing capacity of
ferrocene. Moreover, acetylferrocene is significantly more
basic (pK, —2.8 for carbonyl protonation)!4 than other aryl
ketones (e.g., acetophenone, pK, —7.82).15 Taken together,
these observations encourage the expectation that ferro-
cenecarboxamides should extend the trends described by
Jackman? and Fong® and exhibit low rotational barriers.
However, the AG* for C-N rotation in ferrocenecarbox-
amides 3 and 4 is about 14.4 kcal mol™!, indistinguishable
from the corresponding value in N,N-dimethyl-4-meth-
oxybenzamide. The activation enthalpies for rotation in
3 and 4 (9.7 and 6.3 kcal mol™?, respectively) are signifi-
cantly lower than for substituted N,N-dimethylbenzamides
(see the table), which is consistent with this expectation
in that the electronic effect should be largely reflected in
AH*. Also consistent with this is the observation that the
amide with the more electron deficient opposing Cp ring
(3) has the higher AH*10d

Compensating negative activation entropies (-16 and —27
eu) account for the relatively high rotational barriers in
3 and 4. Amides typically exhibit AS* > 0 for C-N rota-
tion,! indicating greater rotational freedom in the amide
as it approaches a transition state in which the C-N bond
order approximates unity. The implication of our results
is that compounds 3 and 4 undergo a net loss in degrees
of freedom as the transition state for rotation is ap-
proached. The carbonyl carbon becomes more electron
deficient in the transition state, so it is possible that C-N
rotation is accompanied by puckering of the carbox-
amide-Cp ligand to distribute the transient electron de-
ficiency through the ferrocene. Thus, C-N rotation would
be coupled to a larger molecular reorganization. Though
the structure of ferrocenylcarbinyl cations has been the
subject of considerable controversy.41%-1318 gych a puckered
structure is supported both by calculations!” and X-ray
analysis.!® However, ferrocenecarboxaldehyde!® and
1,1’-diacetylferrocene? betray no significant distortion of
this sort.

An alternative explanation relies on the prediction from
molecular models that the transition state will suffer from
steric repulsion between the endo methyl group and the

(11) (a) Tidwell, T. T.; Traylor, T. G. J. Am. Chem. Soc. 1966, 88,
3442. (b) Ware, J. C.; Traylor, T. G. Tetrahedron Lett. 1965, 1295, (c)
Traylor, T, G.; Ware, J. C. J. Am. Chem. Soc. 1967, 89, 2304, (d) Traylor,
T. G.; Hanstein, W.; Berwin, H. J.; Clinton, N. A.; Brown, R. S. J. Am.
Chem. Soc. 1971, 93, 5715.

(12) (a) Gokel, G. W.; Hoffmann, P.; Klusacek, H.; Marquarding, D.;
Ruch, E.; Ugi, I. K. Angew. Chem., Int. Ed. Engl. 1970, 9, 64. (b) Gokel,
G. W.; Ugi, I. K. Angew. Chem., Int. Ed. Engl. 1971, 10, 191. (c) Gokel,
G. W.; Marquarding, D.; Ugi, 1. K. J. Org. Chem. 1972, 37, 3052.

(13) (a) Cully, N.; Watts, W. E. J. Organomet. Chem. 1979, 182, 99.
(b) Trifan, D. S.; Bacskai, R. Tetrahedron Lett. 1960, 1.

{14) Cerichelli, G.; Floris, B.; Illuminati, G.; Ortaggi, G. Gazz. Chim.
Ital. 1978, 103, 911.

(15) Greig, C. C.; Johnson, C. D. J. Am. Chem. Soc. 1968, 90, 6453.

(16) (a) Cais, M. Organomet. Chem. Rev. 1966, 1, 435. (b) Cais, M.;
Dannenberg, J. J.; Eisenstadt, A.; Levenberg, M. L; Richards, J. H.
Tetrahedron Lett. 1966, 1695. (c) Feinberg, J.; Rosenblum M. J. Am.
Chem. Soc. 1969, 91, 4324.

(17) Gleiter, R.; Seeger, R. Helv. Chim. Acta 1971, 54, 1217.

(18) Behrens, U. J. Organomet. Chem. 1979, 182, 89.

(19) Daniel, M. F.; Leadbetter, A. J.; Mazid, M. A. J. Chem. Soc.,
Faraday Trans. 2 1981, 77, 1837.

(20) Palenik, G. J. Inorg. Chem. 1970, 9, 2424.
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opposite Cp ring (transition state 5). Compounds 3 and
4 are thus complementary to ortho-substituted N,N-di-
methylbenzamides in which steric strain is relieved upon
proceeding to the transition state.?! The ferrocene nucleus
may relieve steric congestion in the transition state by
tilting the offending Cp ring relative to the central axis
(transition state 6), which may in turn be accompanied by
an interruption of Cp—Cp rotation. If this is so, ferrocenes
3 and 4 serve as examples of dynamic gearing?? in which
C-N and Cp—Cp rotations and Cp—Cp angle could all be
coupled in a highly ordered activation process. This
process is reminiscent of Streitwieser’s suggestion? that
hindered rotation of opposing pair of tert-butyl groups in
1,1’,3,3'-tetra-tert-butylferrocene as they pass each other
may account for the observed AS* of -5 eu for Cp rotation.
Jackman et al.? have discussed the utility of activation
entropy as a criterion for correlated rotations.
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Experimental Section

General Methods. 'H NMR spectra were obtained using
Bruker AM-300 and AF-300 instruments; chemical shifts are
reported relative to internal TMS. IR samples were prepared
by spreading a chloroform solution on a NaCl plate and allowing
the chloroform to evaporate. Melting points are uncorrected.
Dichloromethane was distilled from CaH,. EtOAc and hexanes
for chromatography were both distilled. Flash chromatography®
was performed with Kieselgel 60 SiO, (230-400 mesh) from E.
Merck. Elemental analyses were performed by Galbraith Lab-
oratories, Knoxville, TN.

N,N,N'N-Tetramethylferrocene-1,1’-dicarboxamide (3).
1,1’-Bis(chlorocarbonyl)ferrocene (0.340 g, 1.09 mmol) was dis-
solved in 25 mL of dry CH,Cl, containing 0.25 mL of triethyl-
amine. Dimethylamine gas was bubbled through the solution for
15 min, followed by N,. The reactions mixture was concentrated,
and the residue was purified by flash chromatography to gwe 0.200
g (0.610 mmol, 56% yield) of an orange solid: mp 130 °C; R;0.12
(4:1 EtOAc/hexanes on Si0,); 'H NMR (300 MHz, 16 °C, C{)Cla)
8 4.67 (s, 4 H), 4.37 (s, 4 H), 3.14 (br s, 6 H), 3.03 (br s, 6 H) ppm;
13C NMR (75 MHz, 23 °C, CDCly) § 170.0, 80.0, 72.5, 71.5, 39.0
(br), 36.3 (br) ppm; IR (thin film) » 3088, 2925, 1610 (C=0) 1396,
1107 ecm™; UV (CHCl3) Ay 243 nm (€ 12 200) MS (EI) m/z 328
(100, M") 284 (15), 257 (21), 241 (16), 192 (42), 121 (52) amu;
HRMS m/z caled for C;gHyoN,O,Fe, 328.0874, m/z observed
328.0874. Anal. Caled for C;gHooN,O,Fe: C, 58.54; H, 6.10; N,
8.54; Fe, 17.07. Found: C, 58.36; H, 6.01, N, 8.36; Fe, 16.66.

N,N-Dimethylferrocenecarboxamide (4). (Chloro-
carbonyl)ferrocene (0.270 g, 1.09 mmol) was dissolved in 25 mL
of dry CH,Cl, containing 0.25 mL of triethylamine. While cooling
the reaction flask, dimethylamine was bubbled through the so-
lution for 30 min. Flushing with N,, concentration in vacuo, and
purification by flash chromatography afforded 0.138 g (0.537
mmol, 49% yield) of an orange solid: mp 108-109 °C; 'H NMR
(300 MHz, 10 °C, CDCly) 5 4.62 (s, 2 H), 4.31 (s, 2 H), 4.22 (s, 5
H), 3.23 (br s, 3 H), 3.04 (br s, 3 H) ppm; 13C NMR (75 MHz, 23
°C, CDCly) 6 170.6, 78.29, 70.51, 69.65, 69.20, 38.53 (br), 36.42 (br)
ppm; IR (thin film) » 3081, 2943, 1613 (C=0), 1391, 1107, 1022

2.2 (2%) Fong, C. W,; Lincoln, S. F.; Williams, E. H. Aust. J. Chem. 1978,
,(22) (a) Iwamura, H.; Mislow, K. Acc. Chem. Res. 1988, 21, 175. (b)

Mislow, K. ChemTracts 1989, May/June, 151.

2(23) Luke, W. D.; Streltmeser,A Jr. J. Am. Chem. Soc. 1981, 103,

(24) Jackman, L. M,; Dunne, T. S.; Roberts, J. L.; Miller, B.; Quast,
H. J. Mol, Structure 1985 126, 433.
(25) Still, W. C.; Kahn, M.; Mltra, A. J. Org. Chem. 1978, 43, 2923.

em™; UV (CHClg) Apyes 242 nm (e 9400); MS (EI) m/z 257 (100,
M?*), 213 (43, M* - N(CHj),), 185 (37, M* - CON(CHy),), 121 (35,
CsHgFe*) amu; HRMS m/z caled for C,3H;sNOFe, 267.0503, m/z
observed 257.0504. Anal. Calcd for C;3H;sNOFe: C, 60.70; H,
5.84; N, 5.45; Fe, 21.79. Found: C, 59.87; H, 5.73; N, 5.20; Fe,
20.96.
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Acidities of organic compounds have played a key role
in the development and understanding of physical organic
chemistry.!® For example, the Hammett!3 and Taft245
equations have been based largely on aqueous acidities of
substituted benzoic and acetic acids. A working knowledge
of relative acidities and basicities is particularly important
in organic synthesis; while a considerable amount of this
involves nonaqueous media, acidities are nevertheless most
often discussed in terms of pK,s.5"® With the increasing
number of organic molecules being designed and prepared,
there exists a need to develop methodology for predicting
their aqueous acidities.

In this work we present a relationship between the
measured pK,s of a series of azines (1-4) and azoles (5-10)
and the average local ionization energy, I(r), on the mo-
lecular surface. We will show that this relationship pro-
vides a basis for reliable estimates of pK, values within
these classes of compounds (Chart I).

I(r) has recently been introduced as a useful property
for analyzing chemical reactivity;>! it is rigorously defined
within the framework of self-consistent-field molecular
orbital (SCF-MO) theory by eq 1.

PAGI
o(r)

In =% 6

(1) Hammett, L. P. Trans. Faraday Soc. 1938, 34, 156.

(2) Taft, R. W. J. Am. Chem. Soc. 1987, 79, 1045.

(3) Hammett, L. P. Physical Organic Chemistry, 2nd ed.; McGraw-
Hill: New York 1970.

(4) Charton, M in Progress in Physical Organic Chemistry, Vol. 18;
Taft, R. W., Ed.; Wiley: New York, 1981; p 119.

(5) Taft, R. W. Prog. Phys. Org. Chem. 1983 14, 247,

8) Bordwell F. G. Acc. Chem. Res. 1988, 21, 456.

(7) Exner, O. Correlation Analysis of Chemwal Data: Plenum Press:
Czechoslovakia, 1988.

(8) Jorgensen, W. L.; Briggs, J. M. J. Am. Chem. Soc. 1989, 111, 4190.

(9) Sjoberg, P.; Murray, dJ. S.; Brinck, T.; Politzer, P. Can. J. Chem.
1990, 68, 1440.

(10) Murray, dJ. 8.; Seminario, J. M.; Politzer, P.; Sjoberg, P. Int. J.
Quantum Chem.: Quantum Chem. Symp 1990, 24 645.

0022-3263/91/1956-2934$02.50/0 © 1991 American Chemical Society



