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aqueous solution proton transfer can be expected for the following con
ditions: (a) volume of moiety is large compared with the volume of the 
substituent; (b) electron directing power of the substituent is strong; and 
(c) substituent does not replace a hydrogen atom which could formerly 
engage in strong hydrogen bonding to the solvent. 
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The reactivity of the alkali-metal biphenylide was uncer
tain for a long time2'3 as shown by the conflicting results re
ported on the reduction of the parent hydrocarbon.4 But a re
cent work of Harvey et al.5 proves that this reagent behaves 
like radical anions derived from other aromatics. These react 
where electron density is highest and this can be determined 
by simple Hiickel calculations.2 6 8 

However other problems concerning the reactivity of radical 
anions formed from diaryl-type aromatic hydrocarbons also 
have to be elucidated. 

(I) The electron distribution in these compounds is con
formation dependent and it has been suggested that the 
twisting of the neutral molecule and of the corresponding 
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radical anion and radical cation could be different.9 The 
twisting of the radical anions has to be taken into account in 
a study of their reactivity. 

(2) Some of these aromatics are chiral, and it is therefore 
worthwhile to examine if in the corresponding radical anion 
reactions asymmetric induction occurs. Only very few results 
concerning the properties of chiral radical anions have been 
reported.10 

These problems are examined in the present work and 
1 ,l'-binaphthyl, an easily resolvable aromatic hydrocarbon,1' 
is used. The reaction studied is a reductive aminoalkylationi2,13 

which involves radical anion intermediates similarly to the 
alkali-metal reductions2'3,6"8 and the reductive alkyla-
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tions.5,14-15 The various steps of this reduction are described 
in Scheme I. 

Scheme I. Reductive Aminoalkylation of Aromatic Hydrocarbons 

(a) ArH + M - A r H - - , M+ 

1 
(b) ArH--, M+ + RCN — ArH + RCN"-, M + ^ R - + MCN 

1 2 * 
(c) ArH--, M+ + R- — RArHM 

1 3 
H2O 

(d) RArHM —»• RArHH(D) + MOH(D) 
or D 2 O 

4 
ArH = naphthalene, anthracene, or in the present work !,!'-binaphthyl; 
R = dialkylamino alkyl groups; in the present work (CHj)2N-C-
(CHj)2. 

The steps determining product formation are the radical 
anion-aminoalkyl radical collapse and protonation (or deu-
teration) (steps c and d in Scheme I). The structure of product 
(or products) 4 yields valuable information on the structure 
and reactivity of the intermediate radical anion 1 and of the 
organometallic 3. 

100'C 

4O0C 

Figure 1. The temperature dependence of the ' H N M R spectra of com
pounds 4 and 4d: A, vinylic proton Hv of compound 4; B, vinylic proton 
Hv of compound 4d: C, the C(CHj)2 moiety signal (A, Varian A60 
spectrometer; B and C, Jeol C 60 HL spectrometer). 

Results 
When a reductive aminoalkylation of binaphthyl is per

formed in such a way that the nascent lithium binaphthylide 
1 reacts immediately with aminonitrile 2, the 1H NMR spectra 
of the crude amines show clearly the presence of only two 
products, amine 4 and imine 5. lmine 5 is obtained by reaction 
of aminonitrile 2 with lithium metal (Scheme II). A similar 
reaction has already been reported.12 

Scheme II. Reaction of Lithium Metal with Aminonitrile 2 

2(CH3J2NC(CHj)2CN + 2 Li -» LiCN 

+ [(CHj)2NC(CHj)2]2C=NLi 
H2O 

[(CHj)2NC(CHj)2I2C=NH 

The structural proofs of compound 4 are related below. 
1H NMR Identification of Compound 4. The data of the ' H 

NMR spectra of the main product 4 and of its deuterated an
alogue 4d at 40 and 100 0C are reported in Table I. The tem
perature dependence of the spectra, illustrated in Figure 1, 
shows the presence of two rotamers 4' and 4" (Scheme III), 

Scheme III. Structure of Compound 4. According to Previous 
Work,1 V7Pseudo-Axial Position Is Assumed for the R Group 

R=CH3 I2N-C(CH3 I2 

Np= Naphthyl 

exchanging slowly on a ' H NMR time scale at room temper
ature. Rotational diastereoisomers such as 4' and 4" have been 
separated by column chromatography.18 However this was not 
possible with compound 4. A sharp melting point is obtained 
and no separation of the two isomers can be detected by TLC. 
The failure to separate the two rotamers can be explained in 
terms of fast exchange rates on a laboratory time scale between 
4'and4".19 

The 1H NMR data of compounds 4 and 4d are consistent 
(a) with the 4 position of the aminoalkyl group R, (b) with the 
conjugated 1,2 position of the double bond, and (c) with a 
stereospecific substitution of HA by deuterium. 

This confirms the regioselectivity of the binaphthyl radical 
anion-aminoalkyl radical collapse (Scheme I, stepc), and the 
high regio- and stereoselectivity of the deuteration of the or
ganometallic intermediate 3 (Scheme I, step d). 

Reaction Involving Chiral Binaphthyl. The reductive ami
noalkylation of the chiral binaphthyl was performed below 0 
0C. At that temperature the half-life time of chiral binaphthyl 
is about 130 h, but the reaction is almost immediate. The re
action was performed in such a way that the produced alkali 
metal binaphthylide could be immediately quenched by the 
aminoalkyl radical produced from aminonitrile (see Experi
mental Section, procedure a). 

The Importance of the Experimental Conditions. The ratio 
of the main products 4/5 depends on the experimental condi
tions. The kinetic orders of the two competitive processes as 
shown in Schemes I and II are different. 

When the reaction is performed in such a way that the al
kali-metal binaphthylide is preformed before reacting with 
a-aminonitrile 2, compound 5 is no longer produced. However, 
even this process yields secondary products owing to a trans
formation of the lithium binaphthylide into lithium perylenide. 
This transformation can be followed by a change in color: from 
red-brown, the lithium binaphthylide solution turns purple, 
the color of the alkali-metal perylenide, and from this solution 
perylene could be isolated.20 This purple solution, reacting with 
aminonitrile, does not lead to compound 4. 

Discussion 
The Aminoalkylation Step. In order to correlate the observed 

regioselectivity of the reductive aminoalkylation and the spin 
density distribution of the lithium binaphthylide, the actual 
twisting of this radical anion has to be taken into consideration. 
Lithium binaphthylide is expected to be markedly twisted, 
since in the parent hydrocarbon the planar conformation of the 
two naphthalene nuclei is 22 kcal/mol less stable than that of 
the almost perpendicular one.21 The estimated twist angle is 
about 75°.20'22 

Extended Huckel calculation (Figure 2) illustrates clearly 
the conformational dependence of the electron distribution: 
a flattening of the molecule reverses the spin densities at the 
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Table I. The ' H N MR Data of Compounds 4 and 4d in Toluene-^ at 40 0C 

Type 

Ratio 

Aspect and coupl 
constants* 

Chemical 
shifts'^ 

4 
4d 

ng4 

4d 

Aromatic 

11 
11 

Multiple! 

Multiplet 

6.7; 8.3 
(6.5; 8.1) 

Hv" 

1 
1 

Large partly 
split triplet^'' 

VHVHB = ~le 

VHVHA = 3< 

Triplef 

3^HvH8 = 1 
5.9 
(6.03) 

HA" 

Multiplet 

V H A H , = 16 
VH A H C - 8 
3 ^HAHV = 3 / 

None 

2.5 

H8" 

3 
2 

Multiplet 

V H 6 H A = "6 
VH6HC = ' 
VH8HV = 7/ 
Unresolved 

multiplet* 

3.35 

Hc" 

Multiplet 

3 - / H C H A = 8 

3 ^HCHB = I 

Large 
singlet'' 

3.07 

N(CH3)2 

6 
6 

Singlet 

Singlet 

2.18 
(2.31) 

C(CH3)2 

6 
6 

4 singlets'' 

4 singlets'' 

1.23; 1.11; 
0.93;0.82 

(1.23; 1.13; 
1.00;0.92) 

" See Scheme III for the significance of Hv, HA, HB, and Hc- * In hertz, determined at 100 0C, in well-resolved spectra. c This structure 
of triplet arises from the two superimposed doublets for rotamers 4' and 4". A temperature increase simplifies this signal, which appears at 
100 0C as a quartet for compound 4 and as a doublet for compound 4d (see Figure 1). d By raising the temperature to 100 0C, the exchange 
rates between the two rotamers 4' and 4" increase and only two methyl signals are observed for the two methyl groups of the C(CHs)2 moiety. 
These two methyl groups are diastereotopic because of the presence of an asymmetric carbon in position 4 (see Scheme III) and they remain 
nonequivalent even at high temperature. e According to Karplus16 the lower value represents the coupling with HA (dihedral angle ~90°) 
(Scheme III), f By irradiation of Hv, the 7- and 3-Hz couplings disappear. * Width at half height ~12 Hz, this signal sharpens by irradiation 
of Hv- * Width at half height ~4 Hz, this signal is not alterated by irradiation of Hv-' In parts per million downfield from the internal Me4Si 
standard. J In CDCI3 for values within brackets. 

90 105 120 135 150 165 180 
Figure 2. Correlation between the electron distribution and twist angle 
(0) of alkali-metal binaphthylide by extended Hiickel calculation: 8 = 0°, 
cisoid conformation; 8 = 180°, transoid conformation. 

positions 4, 5, and 8, and the spin density becomes considerably 
higher about carbon 4 than at the other positions when the twist 
angle deviates strongly from 90°.2 3 

ESR spectroscopy is generally used to establish experi
mentally the electron distribution of radical ions. There is an 
excellent correlation between the hyperfine splitting constants 
and the calculated electron densities.8,24~26 

Unfortunately, however, ESR spectra reported for the al
kali-metal binaphthylide are contradictory. Three positions, 
with approximately equal charge densities, have been proposed 
by Solodovnikov et al.27 Their spectral data correspond to a 
highly twisted alkali-metal binaphthylide (Figure 2, positions 
8, 5,4). Only one position of high electron density (position 4) 
has been proposed by Fu et al.;28 the ESR spectrum agrees with 

a nearly planar conformation (see Figure 2). Hnoosch and 
Zingaro29 have found also a high hyperfine splitting constant 
for only one position, but their constant is very different from 
the previous one.30 

The conflicting results illustrate the difficulty in obtaining 
from not a totally resolved ESR spectrum a correlation be
tween electron distribution and hyperfine splitting con
stants. 

Information on the conformation of the lithium bina
phthylide can be obtained by a comparison of the present 
chemical results with a Hiickel calculation as illustrated in 
Figure 2. 

The regioselectivity of the reductive aminoalkylation at 
position 4 can be explained by a flattening of the molecule, 
which increases the charge density at this position; however, 
it was not possible to determine the direction of flattening. 

The lack of asymmetric induction is discussed hereafter. 
If the radical anion prepared from the chiral binaphthyl 

remains twisted, an asymmetric induction can be predicted31 

(Scheme IV). 

Scheme IV. Correlation between the Geometry of Lithium Bi
naphthylide and Asymmetric Induction 

. • L i + 

,H H , 

R R * 

NP ( O ) - N P ( O ) - N P 

R=(CH1I2N-C Np = Naphthyl 

CH3 

A front side attack (black arrow in Scheme IV) is hindered 
only by half of an aromatic nucleus and will occur more readily 
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than a back side attack, which is inhibited by one and a half 
nuclei. Therefore during the aminoalkylation process, the 
formation of a chiral center is expected as illustrated in part 
A of the Scheme IV. 

Obviously the hypothesis of a planar conformation leads to 
opposite conclusions. Attacks on either side are equally prob
able and the low energy of the resulting conformation involves 
fast racemization32 (part B of Scheme IV: this scheme repre
sents a transoid twisting, but obviously the same prediction 
remains valid for a cisoid conformation). 

Therefore, the observed lack of stereoselectivity is also 
consistent with a flattening of the binaphthyl radical anion. 

It is possible that flattening occurs as soon as the binaphthyl 
reduction step (Scheme I, step a), since the binaphthyl which 
is recovered from the reaction mixture is racemic (see Exper
imental Section). However, partial or total racemization may 
also take place during the work-up process of the reaction 
mixture.33 

In a planar conformation, the increased nonbonding inter
actions can be compensated by a stabilization due to electron 
derealization.34 However, the degree of flattening could not 
be estimated. 

The Protonation Step. The dihydrobiphenyllithium or 
-sodium 3 (Scheme I, ArH = diphenyl) is protonated and al
kylated5 in the usual way for allylic carbanions,36 resulting in 
the formation of the less stable unconjugated hydrocarbon. But 
the dihydrobinaphthylsodium or -lithium 3 presently studied 
(Scheme I, ArH = binaphthyl) leads to the more stable con
jugated product 4. 

The formation of this product is certainly not due to an 
equilibration, since deuteration is stereoselective, i.e., without 
a random redistribution of the deuterium. 

The high stereoselectivity of this reaction can be explained 
as follows. 

It is well established that protonation by water involves tight 
ion pairs rather than loose ion pairs or free ions, since the cation 
stabilizes the concentration of negative charge on the oxygen 
atom.37 Therefore, in order to understand the observed stere
oselectivity, the tight ion pair structure must be examined. 

Assuming that the most stable conformation is the one with 
a quasi-axial aminoalkyl group13-17 and that the tight ion pair 
is "under the roof where solvation is not possible,38 the me
tallic ion has to be in a trans position relative to the dialk-
ylaminoalkyl R group (Scheme V). 

Scheme V. Structure of the Tight Ion Pair 3 (A, planar anion with 
delocalized sp2 orbitals; B, trans localized sp3 orbital in position 3; 
C, trans localized sp3 orbital in position 1. For sake of clarity, only 
one of the aromatic nuclei n-orbitals is represented.) 

Np = Naphthyl 
M = Li; Na , 

R S(CHj) 1 N-C(CH,) , 

If the deuteration involves such an ion pair, D2O has to ar
rive on the side where the metallic ion is located. Therefore, 
deuteration occurs in a stereoselective way relative to the R 
group. 

Regioselectivity is the direct consequence of a high trans 
stereoselectivity. Even if the allylic ion pair is planar (Scheme 
V, A), some electron localization has to take place in the 
transition state of the deuteration. The overlap of the localized 
sp3 orbital by the IT orbitals of the aromatic nucleus can be an 
important stabilizing factor (Scheme V). 

If the localized orbital is assumed to be trans orientated, 
there is an excellent overlap in position 3 where the localized 
orbital is parallel to the -K orbitals (Scheme V, B), but there can 
be no overlap in position 1, where the two orbitals are nearly 
perpendicular (Scheme V, C). This is the reason why the B-like 
transition state which leads to the conjugated product is the 
most stable.39 Orbital overlap has been recognized as an im
portant factor in determining the reaction rate and stereo
selectivity.40 

A quite similar explanation has been proposed for the ster
eoselectivity of the alkyl and aminoalkyl 9,10-dihydroan-
thracylsodium13'41 and for the regioselectivity of the ami-
noalkyl-dihydronaphthylsodium42 deuterations. However, it 
must be emphasized that the selectivity presently observed is 
considerably higher than the previously reported cases and that 
it is independent of the metallic ion.43 

Conclusions 

The present results concerning the reductive aminoalkyla
tion of binaphthyl illustrate the usefulness of Hiickel calcu
lations in an approximate evaluation of the radical anion ge
ometry from the chemical reactivity. 

It can be assumed that the flattening of the radical anion is 
responsible for the high regioselectivity and the lack of 
asymmetric induction in the aminoalkylation step. There is also 
a direct correlation between the unusual regioselectivity and 
the stereoselectivity of the protonation step. Therefore both 
steps indicate a direct correlation between regio- and stere
oselectivities and such correlations are probably more frequent 
than it is usually assumed.45 

Experimental Section 

Calculations. Calculations were performed with EXTHUC Program 
(ICON 8 version).46 

4-12-Dimethvlaminoisopropyl)-3.4-dihydro-1.1'-binaphthyl (4). (a) 
In a flame-dried vessel and under a dry argon atmosphere, 1.21 g 
(0.0108 mol) of aminonitrile 2 dissolved in 50 mL of THF is stirred 
with 0.16 g (0.023 g atom) of lithium for 10 min at 0 0C. The surface 
of the lithium turns yellow; 2.44 g (0.0096 mol) of crystalline 1,1'-
binaphthyl is subsequently added. The solution turns immediately dark 
green, but is stirred for 1 h more at 0 0C in order to complete the re
action. The mixture is then quenched with 5 mL of water and the so
lution turns light yellow-green. After the usual workup (extraction 
with dilute hydrochloric acid and neutralization with dilute sodium 
hydroxyde) 1 g of neutral product and 1.98 g of crude amines are 
isolated. The 1H NMR spectrum in CDCI3 of this crude product 
contains only the signals of amines 4 and 5 in a ratio 65:35 as measured 
from the peak height of the sharp N(CH3)2 signals at 2.14 and 2.31 
ppm. 

A second preparation is performed with 300 mg of aminonitrile, 
610 mg of binaphthyl, and 50 mg of lithium yields 500 mg of crude 
amines. The TLC separation of the products, using Kieselgel F 254, 
PSC Fertigplatten Merck, and 80% pentane-20% ether mixture as 
solvent, provides the following fractions (detected by UV light) in 
order of decreasing Rf: (1) three purple and blue spots, 3 mg; (2) 
yellow-violet spots, 20 mg; the ' H N M R spectrum of the latter fraction 
displays aromatic and vinylic protons, two peaks at 2.25 (weak) and 
2.17 ppm (strong). (According to the signals of different N(CH3)2 
groups, this fraction could be a mixture of two products resulting from 
the reductive aminoalkylation of binaphthyl); (3) almost pure 4 (69 
mg); (4) 287 mg of pure 4; (5) 56 mg of product 5. 

(b) Lithium binaphthylide is prepared by stirring for 1 h at room 
temperature 5 g (0.02 mol) of 1,1'-binaphthyl and 0.17 g (0.024 g 
atom) of lithium in 10OmL of THF. To the red-brown solution, 1.21 
g (0.0108 mol) of a-dimethylamino isobutyronitrile 2 is added and 
the solution turns dark green. The whole mixture is stirred 1 h more 
and quenched with 5 mL of water; the solution turns yellow. 

The THF is removed under reduced pressure and the remaining 
product is dissolved in ether. By shaking with 20% aqueous hydro
chloric acid, amine 4 hydrochloride precipitates. After dilute sodium 
hydroxide neutralization and ether extraction, 2.2 g of pure amine 4 
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is obtained (60% yield). From the remaining mother liquor 1.19 g of 
impure amine 4 is recovered. 

From the ether solution of neutral products, pure binaphthyl can 
be recovered by crystallization in benzene. 

Amine 4: mp 142 0C (after crystallization in ethanol). Anal. Calcd 
for (C25H2TN): C, H, N (for 1H NMR spectrum see Figure 1 and 
Table I). Analytical TLC (silica gel) using various solvents (pentane, 
ether, ethyl acetate) proves the purity of the product; no separation 
of the two rotamers 4' and 4" can be detected. 

frans-3-Deuterio-4-(2-dimethyIaminoisopropyl)-3,4-dihydro-
1,1'-binaphthyl (4d). As in (b), but using 3 mL of D2O instead of H2O. 
Reaction b repeated, but 0.48 g of sodium was used instead of 0.17 
g of lithium and 3 mLof D2O instead of H2O, mp 142 0C (ethanol). 
The ' H NMR data are in Table I. The mass spectrum of this com
pound at 70 eV shows a base peak m/e 86, (CH3)2N+=C(CH3)2, and 
a small molecular peak at m/e 342, corresponding to the monodeut-
erated product. The d\ percentage estimated from the (M - 15) peaks 
(loss of a methyl) is 92%. 

Conversion of Lithium Binaphthylide into Lithium Perylenide. Re
action b is repeated, but the red-brown solution of lithium bi
naphthylide is stirred overnight. The solution turns purple. The ad
dition of aminonitrile gives a dark green solution from which, by the 
usual workup, a new product is isolated, (ts 1H NMR spectrum dis
plays nine aromatic signals (a broad multiplet between 7.1 and 8.2 
ppm), one vinylic signal (a quartet at 6.67 ppm, J = I and 3 Hz), three 
allylic or benzylic proton resonances (a broad signal between 2.3 and 
3.7 ppm), a sharp signal for N(CHj)2 at 2.28 ppm, and two di-
astereotopic methyl signals at 0.93 and 0.84 ppm (internal Me4Si 
standard in CDCI3 solution). 

The decrease in the number of aromatic protons relative to com
pound 4 and the presence of only two diastereotopic methyl signals 
instead of four is in agreement with the structure of a compound re
sulting from the reductive aminoalkylation of perylene. The presence 
of this compound can be detected in the crystallization mother liquor 
in the preparation of compound 4 by method b, but it is absent in 
method a. 

Reaction with the Chiral Binaphthyl. Binaphthyl was resolved by 
Pincock's method;'' the sample of ( — )-(/?)-1 ,l'-binaphthyl used in 
the reaction has [a]25 -82.8° at 589 nm in benzene (Perkin-Elmer 
141 M polarimeter, 1-dm long tube; c 0.007 g/mL), so the optical 
purity of our sample is 36%.'' 

The reductive aminoalkylation was performed according to method 
a. The recovered I,l'-binaphthyl and amine 4 do not show rotation 
from 546 to 589 nm (absorption prevents measurement at 435 and 
365 nm). 

Di(o>dimethylaminoisopropyl)ketimine (5). a-Dimethylaminoiso-
butyronitrile 2 (2 g, 0.02 mol) and 0.21 g (0.03 g atom) of lithium in 
12 mL of TH F are stirred overnight. After quenching the reaction with 
1 mL of H2O, the product is dissolved in ether, washed with water, 
dried, and distilled: bp 150 0C (20 mm); yield, 1.3 g (76%); Anal. 
Calcd for (CnN3H25): C, N, H; 1H NMR spectrum (in CDCI3, 
Me4Si as internal reference), two peaks of equal intensity at 2.14 ppm 
for N(CH3J2 and 1.25 ppm for C(CH3J2, and a broad signal at 9.35 
ppm for N-H; IR 1608 (strong) C=N stretching,47 3400 cm"1 

(weak) N-H stretching;48 mass spectrum, no molecular peak at 70, 
18, or 12 eV, base peak at 70 eV m/e 86, corresponding to (CH3)2-
N+=C(CH3J2, other principal peaks m/e 70. 85, 1 12, 139, 154. 
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porphyrins and the free porphins 8 " suggested that further 
investigation of the electrochemical reduction of chlorophyll 
be undertaken. 

The question of eel in chlorophyll systems is also of interest. 
Radical ion annihilation luminescence has been observed for 
a, /3, 7, 5, tetraphenylporphin (TPP),10 and for PtTPP and 
PdTPP.11 Fairly extensive experiments in our laboratories 
failed to show eel from ChI a in several solvents with careful 
purification and deaeration.12 However, Krasnovskij and 
Litvin13 reported studies of ChI a in DMF with LiCl supporting 
electrolyte in which eel was observed both upon cycling the 
potential of a Pt electrode between the oxidation and reduction 
waves (i.e., radical ion annihilation eel) and upon reduction 
of ChI a in the presence of oxygen. 

In this paper we describe experiments which demonstrate 
that both (ChI a ) - - and, (ChI a ) 2 - are quite stable in purified 
DMF and discuss the conditions for observing chemilumi-
nescence in (ChI a)-containing systems. 

Experimental Section 

Chlorophyll a Separation.'4-15 ChI a was isolated from spinach 
leaves. After extraction with 80% acetone, the pigments were adsorbed 
on talc, eluted with ethyl ether, and separated by chromatography on 
a column of fine powdered sugar. To remove yellow compounds, the 
adsorbed pigments were washed with l-.l n-pentane;benzene. ChI a 
and ChI b were further separated chromatographically by washing 
with «-pentane containing 0.5% 1 -propanol. The ChI a zone was eluted 
with ethyl ether and dried on a vacuum line for 1 day, then stored in 
a drybox under a helium atmosphere. The final separation was carried 
out under subdued light, and the ChI a was stored in the dark. 

Reagents. DMF was first purified by stirring for several days over 
molecular sieves and then using the procedure reported previously, 
method A.16 For further purification, the solvent containing sup
porting electrolyte was treated with neutral alumina as recommended 
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