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The fascinating molecular architecture of axially chiral'1,1

binaphthyls creates an ideal environment for coordinated metals

thus enabling a variety of metal-catalyzed reactions to be
performed with the degree of enantioselection previously known
only for enzymesd. Furthermore, certain complexes of this kind

have been shown to be capable of a stereoselective pairing in

solution, which results in a nonlinear relationship between the
enantiomeric purity of the catalyst and the produdtierein,

we report on another unique feature of the binaphthyl skeleton,

namely, the way of stacking in the solid state, which facilitates
an intermolecular & reactiod of the title compound3).
Recently, we have reported on the highly selective, Cu(ll)-
mediated cross coupling of 2-aminonaphthaleenjth methyl
3-hydroxy-2-naphthoate2) that produced the racemic 151
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(1) For reviews on binaphthyls, see: (a) Rosini, C.; Franzini, L.; Raffaelli,
A.; Salvadori, PSynthesi4992 503. (b) Noyori, RAsymmetric Catalysis
in Organic SynthesjsWiley & Sons: New York, 1994.

(2) For examples of this chiral amplification, see ref 1b and the
following: (a) Terada, M.; Mikami, K.; Nakai, TJ. Chem Soc, Chem
Commun199Q 1623. (b) Mikami, K.; Motoyama, Y.; Terada, M. Am
Chem Soc 1994 116, 2812. (c) Terada, M.; Mikami, KJ. Chem Soc,
Chem Commun 1994 833. (d) Kobayashi, S.; Ishitani, H.; Araki, M
Hachiya, |. Tetrahedron Lett1994 35, 6325. (e) Guillaneux, D.; Zhao,
S.-H.; Samuel, O.; Rainford, D.; Kagan, Bi.Am Chem Soc 1994 116,
9430. (f) Eliel, E. L.; Wilen, S. HStereochemistry of Organic Compounds
J. Wiley: New York, 1994.

(3) For reviews on solid-state organic reactions, see: (a) Green, B. S.;
Aradyellin, R.; Cohen, M. DTop. Stereochem1986 16, 131. (b) Toda,

F. Synlett1993 303. Singh, N. B.; Singh, R. J.; Singh, N. Retrahedron
1994 50, 6441.

(4) For elucidation of §2 reactions in the solid state by X-ray analysis
see: (a) Sukenik, C. N.; Bonapace, J. A. P.; Mandel, N. S.; Lau, P.-Y,;
Wood, G.; Bergman, R. Gl. Am Chem Soc 1977, 99, 851. (b) Sarma,
J.; Dunitz, J. D.Acta Crystallogr 199Q 46, 780. (c) Venugopalan, P.;
Venkatesan, K.; Klausen, J.; Novotny-Bregger, E.; Leumann, C.; Eschen-
moser, A.; Dunitz, J. DHelv. Chim Acta 1991 74, 662. (d) Dessolin,
M.; Eisenstein, O.; Golfier, M.; Prange.; Sautet, PJ. Chem Soc, Chem
Commun1992 132.
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binaphthyl derivative.>6 Although the IR andH NMR spectra
corroborated the product structiréhe fragmentation pattern
in the ElI MS suggested the alternati¢€ We reasoned that
this discrepancy could be attributed to a thermal lability of the
original compound, giving rise to a rearrangement 4 in the
direct inlet of the mass spectrometer.

CuCly

+-BuNH, NH, 150°C NHCH
1+2 —»

MeOH 15 min

1,36 h

(71%) CO4CH;

We endeavored to obtain an authentic sample4ofor
comparison. However, refluxing in xylene fa 3 h proved
fruitless, leavind3 unchanged,which indicates that the reaction
3 — 4 is associated with the orienting of the molecules in the
crystal. Indeed, heating the crystalline eget 150°C for 15
min led to its almost quantitative conversion {935%) into
the carboxylic acidt.1® Monitoring the reaction by solid-state
13C NMR confirmed the gradual change O¢+H NCHs.11 The
reaction is exothermic, with 4.44 keadol™! liberated between
95 and 145°C, as revealed by differential scanning calorime-
try.12

This solid-state transformation raised the question as to the
actual mechanism. Since thgISprocess (i.e., B1 or Aal
ester cleavage) is extremely unlikely fomgethylester, it can
be assumed that the reaction occurs via th2 gathway (i.e.,
Bai2 aminolysis)t® Furthermore, the distance between the
reacting groups should be favorable and the angle of approach
O) close to 1801* As this is not possible within
one molecule, the reaction must occur as a bimolecular process.

The single-crystal X-ray analysfs'®demonstrated the exist-
ence of a centrosymmetricR(—(S) pair in the unit cell.
owever, the CHO group had a “wrong” orientation, being

(5) Smriana, M.; Vyskodl, S.; Méaca, B.; Poléek, M.; Claxton, T.;
Abbott, A. P.; Koovsky, P.J. Org. Chem 1994 59, 2156.

(6) For related examples, see: (a) Yamamoto, K.; Yumioka, H.;

Okamoto, Y.; Chikamatsu, H. Chem Soc, Chem Commun 1987, 168.
(b) Hovorka, M.; Sigel, R.; Ginterova J.; Tichy, M.; Zavada, J.
Tetrahedron1992 48, 9503. (c) Smrfma, M.; Lorenc, M.; HanUsV.;
Sedmera, P.; Kawssky, P.J. Org. Chem 1992 57, 1917. (d) Smrina,
M.; Polakova, J.; Vyskaod, S.; Kocovsky, P.J. Org. Chem 1993 58, 4534.
(e) Jung, M. E.; Kim, C.; von dem Bussche, L.Org. Chem 1994 59,
3248.

(7) In the MS obtained at 158C, high abundances of the unexpected
ions m'z 297 (43%, MT — HCO,H) and 280 (34%, &H14N) and the
metastable transition 268 239 (loss of CHN) have been observed, which
corresponds to the fragmentation®f rather thar3**.

(8) This sample exhibited changes in the spectrum during the scanning
(at 150°C) so that the spectrum at the beginning of evaporation was not
entirely identical to that obtained toward the end. This suggests a chemical
reaction proceeding in the direct inlet. By contrast, the FAB spectrum was
fully compatible with the structur8. The presence of the low-intensity
satellite ionsnv/z 357 (M + 14) and 329 (M— 14) in the EIMS can be
attributed to the contamination by homologues.

(9) Refluxing for 24 h led to a partial decomposition rather than to the
formation of4.

(10) A slow3 — 4 conversion occurs in the crystal at room temperature
as revealed by the analysis of aged samples. For a similar observation, see
ref 4c.

(11) The CH signal in 3 and 4 appears at 51.7 and 30.8 ppm,
respectively. Apparently, the zwitterionic intermediate is immediatley
transformed into the neutral, as evidenced by the comparison of the
N—CHjs signals in the solid state (30.8 ppm) and in the CP&ilution
(30.5 ppm).

(12) The reaction clearly occurs in the solid state since melting, an
endothermic process (4.15 kaabl™1), was observed at 23245 °C.

(13) For the rare B2 mechanism (in solution), see: (a) Ingold, K. C.
Structure and Mechanism in Organic Chemist@Bprnell University Press:
Ithaca, NY, 1953; p 765. (b) March, Advanced Organic Chemistryth
ed.; J. Wiley & Sons: New York, 1992; p 380. (c) Druganov, A. G;
Ankrushina, N. A.Khim. Prir. Soedin 199Q 693. (d) Cacciapaglia, R.;
Mandolini, L.; Castelli, V. V.Recl Trav. Chim PaysBas1993 112 347.

(e) Douglas, J. E.; Campbell, G.; Wigfield, D. Can J. Chem 1993 71,
1841.
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Figure 1. Bonding interaction between the Ntind COQMe groups
of the two molecules ofR)-(+)-3, as revealed by X-ray data (3.20 A;
173.2).

too distant from NH (3.79 A) and having an unacceptable angle
of approach (94.9.17 On the other hand, the X-ray structure
also showed the Niof one molecule to be only 3.20 A away
from the CH of another homochiral molecule, related by a
2-fold screw axis (Figure 13 the angle of approach (NC—

O) being 173.2 only a 6.8 deviation from the ideally linear
trajectory?® Hence, the reaction should occur between the
homochiral molecules, i.e.,R{—(R) and §—(S), but not
between theR) and the § molecules!

Rigorous proof for the enantioselective course of the ami-
nolysis was provided by double isotopic labeling, with {IB
one enantiomer anéfO in the othef>2* The “racemate”
obtained by cocrystallization of the G@ster R)-(+)-3a and
the 180 ester §)-(—)-3b was then thermally converted into the
“racemic”’ 4. Mass spectrometric analysis confirmed the enan-

(14) For the experimental evidence of the linear trajectoryng, See:
(a) Tenud, L.; Farooq, S.; Seibl, J.; EschenmoseH&lv. Chim Acta197Q
53, 2059. (b) Baldwin, J. EJ. Chem Commun 1976 734. (c) King, J.
F.; McGarrity, M. J.J. Chem Soc, Chem Commun 1979 1140. (d)
Menger, M.Tetrahedron1983 39, 1013. X-ray evidence: ref 4 and the
following: (e) Britton, D.; Dunitz, J. DHelv. Chim Acta198Q 63, 1068.
Quantum chemistry approach: (f) Wang, H.; Peslherbe, G. H.; Hase, W.
L. J. Am Chem Soc 1994 116, 9644 and references cited therein.

(15) For the use of X-ray analysis in determining fundamental organic
chemistry pathways, see refs 4 and 14e and the following: (a) Allen, F.
H.; Kennard, O.; Taylor, RAcc Chem Res 1983 16, 146. (b) Bugi, H.

B.; Dunitz, J. D.Acc Chem Res 1983 16, 153. (c) Beak, PAcc Chem
Res 1992 25, 215.

(16) Crystal data fod: CpH1/NOs, M = 343.38. Crystals were obtained
from methanol solution; they are orthorhombic, of space g with
a=11.319(2) Ab = 8.8990(10) Ac = 34.051(3) AV = 3429.9(8) &,

Z =8, dcaic= 1.330 g cm13, u = 0.089 mnTL. Data were collected at 23

°C on an Enraf-Nonius CAD4 diffractometer using Ma radiation ¢ =
0.710 69 A), a graphite monochromator, and ¢hecan mode. A total of
1505 unique reflections were measured, with only 410 havirg2o(l).

All 1505 reflections were used in the structure refinement baseefdy
full-matrix least-squares techniques with hydrogen atoms calculated in
theoretical positions, riding during refinement on the respective pivot atom
(239 parameters). FinaR: = 0.0424,R, = 0.0973 onF for observed
data. The estimated error in bond lengths is 0.02 A.

(17) Better alignment can be obtained via rotation about the €Q)Hs
bond by 90; in the resulting conformation, the calculated angle of approach
N—C—0O is 162 and the N-C distance 2.82 A. Howeverb initio
calculation, using Gaussian 92 with a minimal basis set of orbitals (STO-
3G), demonstrated the latter conformation to be 37-keal* higher in
energy than the former.

(18) The sum of the van der Waals rafliior N and CH is 3.55 A.

(19) Bondi, A.J. Phys Chem 1964 68, 441.

(20) The X-ray parameters reported fqs2xeactions (two examples to
datéad) are as follows: 3.42 A/147and 2.9 A/164, respectively.

(21) The reaction is presumably further boosted by the intramolecular
hydrogen bonding between the phenolic OH and te&®f the ester group.
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tioselective process predicted by the X-ray data: the molecules
of the product were labeled either by €r/z 346 ions) or by

180 (m/z 345 ions); no species containing both labels (n&z

348 ions) has been detected.

In summary, we have observed an unprecedented, solid-state
interconversion RCO,CHz + H;N—R' — R—CO,H + CHs-
NH—R' (3— 4), which occurs on heating &at 150°C for 15
min2> X-ray diffraction, in conjunction with double isotopic
labeling and mass spectrometry, has demonstrated that the
reaction occurs as an enantiodiscriminating, domino-like2B
process between the homochiral molecules, i.e., withinRe (
(R—(R)... and §—(9—(9)... series 0826 To our knowledge,
this is the first example of a2 mechanism in the solid staté.
Moreover, our findings provide direct evidence for the linearity
in the §y2-type reactions (Figure 1).
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(22) The resolution of£)-3 was carried ouvia aminolysis with §)-
(=)-PhCH(NH,)CHs. The resulting mixture of diastereoisomeric amides
was separated by chromatography; each diastereoisomer was then hydro-
lyzed (KOH, ethylene glycol, 190C, 5 h), and each enantiomer of the
free acid was methylated with GN,. On a small scale#)-3 was resolved
by chromatography on a Chiralpak AD column using a 1:1 hexatieanol
mixture as a mobile phase. The faster moving enantiomer was identified
as R)-(+)-3 (99.2% ee); H-(—)-3 (98.8% ee) was slower moving.

(23) The absolute configuration 08 was determined by CDvia
comparison with the spectra of 2dihydroxy-3-(methoxycarbonyl)-1'4
binaphthyl and 2,2dihydroxy-3,3-bis(methoxycarbonyl)-1;dbinaphthyl®°

(24) Labeling: the enantiomerically pure gester (+)-3 was converted
into the CQ} ester (+)-3a (99% &) on exchange reaction with GDNa/
CDsOD. The @)-3 ester was hydrolyzed with N#OH/H,180, generated
from Na and H!O enriched with*%0 by >25%. The resulting®O-labeled
acid was esterified with C#i\, to afford (—)-3b containing 25%?0,
according to MS.

(25) Two other examples of an intermolecular methyl transfer in the solid
state have been reported to date, namely, the transformatmieiNCsH4-
SOsMe into p-MesN*CgH4SO;~ and the rearranegement of @rmethyl
imino ether into the correspondirigrmethylamidefad

(26) The observed level of conversion (up to 95%), unusually high for
a solid-state reaction, suggests a fast, zip-fastening-type process occurring
along the screw-axis chain throughout an entire crystalline block. The
reaction is not terminated until the collapse of the majority{93%) of
the original crystal lattice. An alternative explanation, which would require
a single crystal to single crystal transformation, can be ruled out diige
not isostructural witt8.

(27) Rigorously speaking, thea@ mechanism refers to a bimolecular
reactiont3 In fact, the3 — 4 transformation is likely to proceed as a
multimolecular, chain reaction. By using the denominatiai2Bwe refer
to the elementary process of interaction between two molecul8s of

(28) Johnson, C. K. Technical Report ORNL-5138; Oak Ridge National
Laboratory: Oak Ridge, TN, 1976.




