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Figure 4. Comparison of the optical changes induced by light in a ChI-
protein complex of photosystem Il poised at -0.49 V (vs. NHE) as re
ported by Klimov et al,14 and the difference spectra obtained on reduction 
of (a) Pheo and (b) ChI in DMF. Spectra have been normalized at ~400 
nm. 

potential of an intermediate, X, between the ferrodoxins and 
P700 as equal to or greater than -0.73 V. X -- has been de
tected16 by ESR only at low temperatures (10 K) where it 
exhibits gz = 1.76, gy = 1.86, and gx - 2.06, parameters quite 
distinct from those of ChI a~-. However, major deviations from 
solution ESR spectra of the anions of bacteriopheophytins and 
quinones are also observed at comparable temperatures in 
reduced bacterial systems and arise from magnetic coupling 
with nearby ferrous ions.7-36b-d-e A similar effect, induced by 
an interaction of ChI-- with the iron of the reduced Fe-S 
protein, could explain the g values of X--.38 Ambient tem
perature ESR spectra of X -- should conform to those reported 
here for ChI-- if our suggestion is correct. Dynamic polariza
tion effects have been elicited2-612-13 from PS I and are readily 
ascribed to a radical-radical recombination mechanism39 in
volving P700+- and ChI--. 

We have proposed here that the first reduced chemical 
products of green plant photosynthesis are the anions of 
pheophytin in PSII and chlorophyll in PS I. Such a mechanism 
represents a significantly more efficient conversion of incident 
light into chemical energy than previously assumed and yields 
strong reductants to drive the biochemistry of both photosys-
tems I and II. We have also described optical and magnetic 
characteristics of the putative acceptors which should provide 
the guidelines to further test our suggestion. 
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Regiocontrolled Head-to-Tail Coupling of Ally lie 
Boron "Ate" Complexes with Allylic Halides 

Sir-
One of the basic unsolved problems of organic synthesis is 

the lack of selectivity in the Wurtz-type coupling reaction of 
allylic organometallics with allylic halides.1 In general, two 
allylic moieties, one from the allylic organometallics and the 
other from the organic halides, combine randomly, leading to 
a mixture of four products (eq I).2 We wish to report that this 
difficulty, for the first time, can be alleviated by using lithium 
allylic boron ate complexes, which regioselectively react with 
allylic halides to produce the head-to-tail 1,5-dienes (eq 2). 

© 1978 American Chemical Society 
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Table I. Reaction of Allylic Organometallics with Allylic Halides" 

entry allylic organometallic compd allylic halide product* 
yield/ 

% (isold) 

C H 3 C H = C H C H 2 L i 
C H 3 C H = C H C H 2 M g C l 
CH 3 CH=CHCH 2 Cu r f 

C H 3 C H = C H C H 2 C u * 

CH,CH = CHCH,B" CfJ) Li + 

n-C.K, 

P h C H = C H C H 2 C l 
P h C H = C H C H 2 C l 
P h C H = C H C H 2 C l 
P h C H = C H C H 2 C l 

PhCH=CHCH 2 CI 
PhCH=CHCH 2 Cl 

H-C1H, 

7 CH1CH= CHCH,B" C ^ C u + * 

9 CH = CHCH,B C T ) Li + 

"l 
n-C,H9 

10 PhCH=CHCH 2 B-(« -C 4 H 9 ) 3 

Li + 

11 P h C H = C H C H 2 B - ( « - C 4 H 9 ) 3 

Li + 

12 CH('H = CHCH.B'~ C 3 L i + 

H-C1K1 

C H 3 C H = C H -
CH2Cl 

( C H 3 ) 2 C = C H -
CH2Br 

( C H 3 ) 2 C = C H -
CH2Br 

PhCH=CHCH, 
I I 

CH1CH = CHCH: 

71 
10 
33 
21 
3 
3 

PhCH=CHCH, 
I 

I 
CH=CHCHCH, 22 

72 
53 
59 
97 
97 

PhCHCH= 
I I 
CH1CH= 

3 
3 
1 

10 

CH; 

=CHCHS 

PhCHCH = CH, 
I 
I 

CH ,CHCH=CH, 

4 
15 
13 
10 

(75) 
(80) 
51 
29 
63 
78/ 

6 CH1CH=CHCHiT : 3 MgCl" PhCH=CHCH 2 Cl 

P h C H = C H C H 2 C l 35 

H-C1H8 

8 CH 3 CH=CHCH 2 B-(M-C 4 Hg) 3 P h C H = C H C H 2 C l 
Li+ 

PhCH=CHCH 2 Cl 

64 

91 

PhCH=CHCH 2 CH 2 CH=CH 2 

PhCH(CH=CH 2 )CH 2 CH=CHCH 3 

PhCH(CH=CH2)CH2CH=C(CH3); . 

CH 3 CH(CH=CH 2 )CH 2 CH=C(CH 3 ) 2 

92/ 

78/ 

(60)*'' 

(70V 

(82)" 

(53)* ' ' 

" To an ether solution of crotyl organometallics (1 mmol) was added cinnamyl chloride (1 mmol, 0.13 mL) at —78 0 C (entries 1 -4). The 
boron ate complexes were prepared by the addition of boranes («-Bu-9-BBN and /1-Bu3B) to an ether solution of allylic magnesium, copper, 
or lithium compounds (entires 5-12). Allylic lithium compounds were prepared from the corresponding tin derivatives as described in the text. 
Isolation was carried out on a 10-mmol scale. * Identified by IR and 1H NMR spectroscopy and elemental analysis. Although the precise ratio 
of the stereoisomers or diastereomers was not determined, the trans geometry of cinnamyl unit was retained. c Yield and product ratio (entries 
1-8) were determined by GLC analysis, based on the halide. d Prepared from crotylmagnesium. e Prepared from crotyllithium. /Two equivalents 
of allylic boron ate complexes were used. * Crotylcopper was prepared from crotylmagnesium chloride. * No isomers were formed. ' Accompanied 
by considerable amounts of the reduction product./ Small amounts of isomers were detected. 

R"*V\M 

M = Na, L i , Mg, Zn 

R"V /\/VR' 

R " % / ' \ > ' R ' R n B ' 

(2) 

W e recently reported that copper borates, such as 
R C H = C H B < Cu+ , 3 a R 4 B - C u + , 3 b and R C u - B F 3 , 3 b c and 
l i thium borates such as di -«-alkyl-9-BBN ate complexes 4 

possess a number of features making them at t ract ive as syn
thetic intermediate. From both practical and theoretical angles, 
it appeared desirable to explore the chemical behavior of 
l i thium, magnes ium, and copper allylic boron ate complexes. 
The l i thium borates exhibited the highest regio- and chemo-
selectivity toward allylic halides among the a te complexes 
examined. The results are summar ized in Tab le I. 

As evident, l i thium crotyl borates in e ther 5 enable reg-
iocontrolled head-to-tail coupling (entries 5 and 8). Although 
regioselectivity via the 9-BBN ate complex is higher than that 
via the tri-n-butylboron ate complex, a major drawback is the 
formation of /3-methylstyrene (~15%) through the reduction 
by the 9 -BBN ate complex4 3 (entries 5 and 9). The corre
sponding copper and magnesium borates do not give a satis

factory result (entries 6 and 7). Fur the rmore , these l i thium 
borates are highly chemoselective; the coupling reaction with 
alkyl halides or with allylic acetates does not occur. The 
s t ructure of l i thium crotyl -9-BBN ate complex deserves 
comment . Since no evidence of the 1-methylallyl isomer is 
found for c ro ty l -9-BBN 6 and the thermodynamical ly more 
stable isomer is formed in the reaction of gem-dichloroallyl-
l i thium with P h 3 B , 7 the a te complex presumably possesses 
crotyl s t ructure . 8 Actual ly the a te complex prepared from 
crotyl -9-BBN and «-BuLi exhibited an essentially similar 
regioselectivity. 

The preparat ion of 3-phenyl-6-methyl- l ,5-heptadiene is 
representative. To an ether solution of cinnamyltri-«-butylt in9 

(10 mmol, 4.07 g) was added an ether solution of phenyllithium 
(10 mmol) at room tempera tu re under N2. After stirring for 
a few minutes , the mixture was cooled to —78 0 C . Tr i -«-
butylborane (10 mmol , 2.4 m L ) was added and stirring was 
continued for a while at —78 0 C . Prenyl bromide (10 mmol , 
1.2 mL) was then added and the resulting mixture was allowed 
to warm to room tempera tu re . Fil trat ion through the column 
of alumina using petroleum ether followed by distillation gave 
the desired diene: 1.52 g, 82%, bp 70 -71 0 C ( I m m H g ) . 

The present development prompted further interest in an 
application of the a te complex to heterosubst i tuted allyl 
carbanion chemis t ry . 1 0 Actual ly , the regiocontrolled and 
electronically unimpeded coupl ing 1 0 3 was realized via the al-
lyloxy carbanion-boron ate complex 1 ' (eq 3). While the scope 
and the mechanis t ic details remain to be further explored, it 
is clear that a highly regio- and chemoselective route to 
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LV 
y . 0 ^ y l ) sec -BuL1 /THF ? ^ a A ^ ^ r - B u ) , 

2)n-Bu 3B, -78°C 

66 % 

y0^ + ^0-1Wy 
81 % 19 % 

head-to-tail 1,5-dienes is now at our disposal. Further aspects 
of these ate complexes are under active investigation. 

Acknowledgment. Financial support from the Ministry of 
Education (Grant 247020), JSPS (Basic Research Founda
tion), and Kurata Foundation is gratefully acknowledged. We 
also thank Mr. Y. Naruta for an authentic sample of cin-
namyltri-w-butyltin. 

References and Notes 

(1) G. Courtois and L. Miginiac, J. Organomet. Chem., 69, 1 (1974); R. A. 
Benkeser, Synthesis, 347 (1971). For a head-to-head coupling via pren-
ylmagnesium-Cul system, see F. D-Boumechal, R. Lome, and G. Linstru-
melle, Tetrahedron Lett., 1181 (1977). 

(2) For coupling of aliylic transition metallics with aliylic halides, see R. Noyori 
in "Transition Metal Organometallic in Organic Synthesis", H. Alper, Ed., 
Academic, New York, N.Y., 1976, p 83. 

(3) (a) Y. Yamamoto, H. Yatagai, K. Maruyama, A. Sonoda, and S-I. Murahashi, 
J. Am. Chem. Soc, 99, 5652(1977); (b)K. Maruyama and Y. Yamamoto, 
ibid, 99, 8068 (1977); (c) Y. Yamamoto and K. Maruyama, ibid., 100, 3240 
(1978). 

(4) (a) Y. Yamamoto, H. Toi, S-I. Murahashi, and I. Moritani, J. Am. Chem. Soc., 
97, 2558 (1975); (b) Y. Yamamoto, H. Toi, A. Sonoda, and S.-l. Murahashi, 
ibid, 98, 1965(1976). 

(5) THF was found to be an unsatisfactory solvent for the regioselective cou
pling, 

(6) G. W. Kramer and H. C. Brown, J. Organomet. Chem., 132, 9 (1977). 
(7) D. Seyferth, G. J. Murphy, and R. A. Woodruff, J. Organomet. Chem., 141, 

71 (1977). 
(8) Determination of the structure by NMR resulted in failure, presumably owing 

to poor stability of the ate complex at room temperature. 
(9) Y. Tanigawa, I. Moritani, and S. Nishida, J. Organomet. Chem., 28, 73 

(1971). Other tin derivatives were prepared by Seyferth's method: D. 
Seyferth and T. F. JuIa, ibid., 66, 195 (1974). 

(10) (a) D. A. Evans, G. C. Andrews, and B. Buckwalter, J, Am. Chem. Soc., 96, 
5560 (1974); (b) W. C. Still and T. L. Macdonald, J. Org. Chem., 41, 3620 
(1976), and references cited therein. 

(11) Although the precise structure of the intermediate is not clear, the aliylic 
boron ate complex is presumably involved by analogy with the above re
sults. The reaction in ether in the presence of TMEDA gave the similar 
result. In the absence of /VBU3B, <x:y attack = 40:60. 

Yoshinori Yamamoto,"1 Kazuhiro Maruyama 
Department of Chemistry, Faculty of Science 

Kyoto University, Kyoto 606, Japan 
Received June 5, 1978 

Outer-Sphere Intervalence Transfer 

Sir: 

In mixed-valence complexes where there are localized redox 
sites, low energy absorption bands are often observed which 
can be assigned to intervalence transfer (IT) transitions (e.g., 
eq I).1 The observation of an IT transition is of real value in 

[(bpy)2ClRu"N^Q)^-<0)NRu'I'Cl(bpy)2]3 

[(bpy)2ClRu"'NQ NRu"Cl(bpy)2]
3+* (I)2 

gaining insight into related thermal electron-transfer processes 
(eq 2). The electronic resonance energy or electron tunneling 
matrix element arising from electronic coupling between sites 
can be determined from the band intensity and the band energy 

Ki loko isers 

Low energy visible, near-infrared spectrum of a solution con-
r 3 M) and [Fe(CN)6]

4" (1.5 X 10"3 
Figure 1. LOW energy visioie, near-
taining [Ru(NHa)5PyP+ (3.0 X 10 
M) in H2O at pH 5 (22 ±2 0C). 

and band shape give information about the vibrational barrier 
to electron transfer.2a'b'3 

[(bpy)2C!Ru11NQ NRu»iCI(bpy)2]
3+ 

[(bpy)2ClRu"iNvQ/NRuI>Cl(bpy)2]
3+ 

(2) 

There is no a priori requirement that IT transitions be con
fined to cases where there are chemically linked donor and 
acceptor sites. In fact, the observation of such a transition for 
an outer-sphere case could be of even greater value given the 
absence of the structural definition provided by a bridging Ii-
gand. 

It has been suggested that outer-sphere IT transitions should 
appear in mixed-valence solids and in concentrated solutions 
containing complexes of the same metal in different oxidation 
states.la'3 In practice the experiments in solution are difficult 
both because of the low oscillator strengths expected for the 
bandsIa-3 and because of the low formation constants expected 
for like-charged ion pairs. 

Miralles, Armstrong, and Haim have investigated the ki
netics of reduction of M(NH3)5py3+ (Co, Ru; py is pyridine) 
by Fe(CN)6

4- in aqueous solution.4 For [Co(NH3)5py]3+, 
electron transfer is sufficiently slow that an initial ion pair 
between Co(NH3)spy3+ and Fe(CN)6

4- is detectable kineti-
cally. Since the charge types favor ion pairing, similar ion 
combinations are reasonable candidates for observing outer-
sphere IT transitions and we have investigated a series of 
them. 

In sufficiently concentrated aqueous solutions (0.001 to 
0.003 F) containing Ru(NH3)5py3+ and Fe(CN)6

4-, a new 
absorption band appears in the near-infrared at 915 nm 
(Figure I).5 The band only appears in solutions containing both 
the Ru(III) and Fe(II) ions and its intensity grows as the 
concentration of the two ions increases. An estimate of K\p c* 
3 X 103 for the ion-pair formation constant (eq 3) can be made 
and compares reasonably well with the experimentally mea
sured value for the Co(III)-Fe(II) ion pair, [Co(NH3)5-
py,Fe(CN)6]-.4'6 Using this value OfZiT1P, «max = 40 ± 5 M - 1 

cm-1 can be estimated for the near-infrared band. As expected, 
the bandwidth at half-maximum, AT>\/2 (6.5 ± 0.3 kK) is larger 
than the value predicted for IT bands by Hush using a single 
oscillator model (AFi/2 = (2310 iw> 1 / 2 = 4.8 kK)M-h In fact, 
the ratio AFi/2(obsd)/AFi/2(calcd) = 1.3 is typical of values 
found for dimeric mixed-valence ions.9 It seems clear that the 
origin of the band is an outer-sphere, metal-metal charge 
transfer (MMCT) or IT transition (eq 4). 
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