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already shown to be highly useful as an asymmetric reducing agent 
of ketones.12 Notably, treatment of internal olefins with Cl2AlH 
in the absence of catalytic Et3B has resulted in the predominant 
formation of unidentified side products. 

Further work on the precise reaction mechanism and the po­
tential application of the organoborane-catalyzed hydroalumination 
to the asymmetric synthesis by using chiral organoborane catalyst13 

is under active investigation. 
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(12) This chiral reagent was previously synthesized from (-)-/3-pinene in 
six steps. See: Giacomelli, G.; Lardicci, L.; Palla, F. J. Org. Chem. 1984, 
49, 310. 

(13) (a) Brown, H. C. In Asymmetric Synthesis; Morrison, J. D., Ed.; 
Academic Press: New York, 1983; Vol. 2A, p i . (b) Masamune, S.; Kim, 
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The formation and decomposition of metal alkyl species are 
ubiquitous steps in a multitude of organic reactions that are 
mediated by the later transition metals, such as those belonging 
to groups 8-10.2 While the mechanistic steps involved in the 
decomposition of the later transition-metal dialkyl compounds are 
now fairly well-defined,3 surprisingly little appears to be known 
about the decomposition pathways for the corresponding mono-
alkyl complexes, particularly those that cannot undergo a 0-hy-
drogen abstraction reaction.4 These latter compounds are gen­
erally believed to decompose predominantly through radical 
pathways following homolysis of the M-C bond. Herein, we report 
the diverse radical and nonradical pathways that are involved in 
the decomposition of monoalkylpalladium(II) complexes that lack 
accessible /J-hydrogens. 

(1) Alfred P. Sloan Research Fellow, 1984-86. 
(2) For specific examples, see: (a) Parshall, G. Homogeneous Catalysis. 

The Application and Chemistry of Catalysis by Soluble Transition Metal 
Complexes; Wiley: New York, 1980. (b) Collman, J. P.; Hegedus, L. S. 
Principles and Applications of Organotransition Metal Chemistry; University 
Science Books: Mill Valley, CA, 1980. (c) Kochi, J. K. Organometallic 
Mechanisms and Catalysis; Academic Press: New York, 1978. 

(3) (a) Reference 2b,c. For theoretical treatments, see: (b) Tatsumi, K.; 
Nakamura, A.; Komiya, S.; Yamamoto, A.; Yamamoto, T. J. Am. Chem. Soc. 
1984, 106, 8181. (c) Tatsumi, K.; Hoffmann, R.; Yamamoto, A.; Stille, J. 
K. Bull. Chem. Soc. Jpn. 1981, 54, 1857. 

(4) Reference 2c, part 2. 
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The compounds fnms-Pd(PPh3)2(Cl)(R) (R = CH2Ph, la; 
CH2C6H4CH3-P, lb)5 were substantially unchanged for at least 
8 h at 65 0 C in chloroform or at 85 0C in benzene or toluene. 
However, the addition of 1 equiv of the phosphine sponge Pd-
(PhCN)2Cl2 to la at 85 °C in toluene resulted in the quantitative 
formation of PhCH2Cl. The phosphine dissociation induced re­
ductive coupling from group 10 M(PR3)2(X)(Y) complexes has 
been observed experimentally6 and predicted theoretically.30 The 
probable intermediacy of [Pd(PPh3)(CH2Ph)(M-Cl)J2

7 in this 
reaction was indicated by its isolation from a reaction mixture 
consisting of la and 0.5 equiv OfPd(PhCN)2Cl2 in chloroform 
and its subsequent decomposition to PhCH2Cl in chloroform or 
toluene at 65 0C (eq 1). 

0 6Pd(PhCN)2Cl2 
Pd(PPh3VCI)(CH2Ph) c p e ,a 2 8 V -

P h 3 P \ ^ C l \ .CH2Ph 

PhCH2^ N i I ^ ^ P P h 3 COO|,orC,D,CO, PhCH 4 Od) 

The abstraction of Cl" from la by the addition of 1 equiv of 
AgBF4 in pure C6D6 or 1:1 C6D6-CDCl3 at 85 0C resulted in the 
immediate formation of C6D5CH2C6H5 as the only product (eq 
2). Under the same conditions, the use of C6D5CD3 as the solvent 

AgBF4, 85 0C 

Pd(PPh3J2(Cl)(CH2Ph) c < D r C D C | ; > C6D5CH2C6H5 (2) 

resulted in the formation of a 1:1 mixture of o- and p-
CD3C6D4CH2C6H5. No radicals appeared to be involved in these 
reactions since the relatively weak benzylic C-D bonds of C6-
D5CD3 were not attacked. Moreover, the addition of 1 equiv of 
Ph3CH did not result in the formation of any C6H3CH3. Similar 
results were also obtained when lb was used instead of la. The 
above reactions appear to constitute the first examples of elec-
trophilic alkylation of arenes by transition-metal alkyl compounds. 
A competition experiment using a 1:1 C6H6-C6H5OCH3 mixture 
indicated that the alkylation rate for the electron-rich C6H5OCH3 

was 3 times faster than for C6H6. In order to define the mech­
anism of these reactions, we independently synthesized the cationic 
compound Pd(PPh3)2(CD3CN)(CH2Ph)+BF4- (Ic-CD3CN) 
through the reaction of la with AgBF4 in CD3CN. An approx­
imately 1:1 mixture of C6H5CH3 and C6H5CH2CH2C6H5 was 
formed when Ic-CD3CN was heated to 65 0C in CDCl3 (eq 3). 

Pd(PPh3)2(CD3CN)(CH2Ph)+ " I L -

C6H5CH3 + C6H5CH2CH2C6H5 (3) 
>98% d0 

PhCH2' radicals were clearly implicated in this reaction since the 
addition of 5 equiv of Ph3CH resulted in the enhanced formation 
OfC6H5CH3 (C6H5CH3)C6H5CH2CH2C6H5 = 5:1). No arene 
alkylation was observed when 1:1 C6D6-CDCl3 was used as the 
solvent. This indicated that for alkylation to occur it was necessary 
for the arene to be coordinated to the metal8 as was likely to 
happen when the cationic species was generated in situ in an 
aromatic solvent. With Ic-CH3CN there was no evidence for the 
displacement of CH3CN by C6H6 in CDCl3 solution. Thus, the 
alkyl group in the Pd-CH2Ph+ species behaved as an incipient 
carbocation in the presence of a coordinated arene but, in the 
absence of the latter, preferentially underwent M-C bond hom­
olysis to generate a radical—an apparently unprecedented dual 

(5) Garrou, P. E.; Heck, R. F. J. Am. Chem. Soc. 1976, 98, 4115. 
(6) (a) Reference 2b,c. For a few recent examples from Pd(II) chemistry, 

see: (b) Moravskiy, A.; Stille, J. K. /. Am. Chem. Soc. 1981, 103, 4182. (c) 
Loar, M. K.; Stille, J. K. J. Am. Chem. Soc. 1981, 103, 4174. (d) Gillie, A.; 
Stille, J. K. 1980, 102, 4933. (e) Komiya, S.; Akai, Y.; Tanaka, K.; Yama­
moto, T.; Yamamoto, A. Organometallics 1985, 4, 1130. (f) Ozawa, F.; Ito, 
T.; Nakamura, Y.; Yamamoto, A. Bull. Chem. Soc. Jpn. 1981, 54, 1868. 

(7) For an alternative synthesis of this class of compounds, see: Anderson, 
G. K. Organometallics 1983, 2, 665. 

(8) In this respect, the mechanism for eq 2 differed significantly from that 
invoked for Friedel-Crafts alkylation using the traditional Lewis acids; see: 
Roberts, R. M.; Khalaf, A. A. Friedel-Crafts Alkylation Chemistry; Marcel 
Dekker: New York, 1984; Chapter 3. 
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reactivity pattern. Finally, we note that Cl - abstraction from la 
in the presence of a-methylstyrene as solvent resulted in the 
alkylation of the olefin to a-methyl-/3-benzylstyrene.9 

The abstraction of I" from rra«5-Pd(PPh3)2(I)(CH3) (2a)5 by 
the addition of 1 equiv of AgBF4 in C6D6 at 85 0 C resulted in 
the immediate formation of PPh3Me+BF4" as the only product10 

(eq 4). The same product was also observed when the cationic 
compound /ww-Pd(PPh3)2(CD3CN)(Me)+BF4- (2b-CD3CN), 
formed through the reaction of 2a with AgBF4 in CD3CN, was 
heated to 50 0C in CDCl3, (eq 5). This reaction appeared to 

AgBF4 

Pd(PPh3)2(I)(Me) - T T - - T PPh3Me+ (4) 

Pd(PPh3)2(CD3CN)(Me)+
 C D C 1 > M .C ' PPh3Me+ (5) 

involve the initial dissociation of the CD3CN ligand, since under 
identical conditions, no PPh3Me+BF4" was observed when ca. 10 
equiv of CD3CN was added to the reaction mixture. The addition 
of 1 equiv of PPh3 to a CDCl3 solution of 2b-CD3CN resulted 
in the formation of Pd(PPh3)3(Me)+BF4~ (2c). In a subsequent 
reaction, 2c was found to decompose at 25 °C in CDCl3 also to 
PPh3Me+BF4-. 

The reactivity of the methyl compounds as encompassed by eq 
4 and 5 clearly differed significantly from that of the benzyl 
compounds (eq 2 and 3). The difference between eq 3 and 5 is 
presumably a reflection of the relatively greater stability of the 
PhCH2 ' radical. The origin of the difference between eq 2 and 
4 is less certain but may be related to the greater stabilization 
of the PhCH2

+ cation. Like the methyl group, the vinyl group 
also forms poorly stabilized cations and radicals and the phos-
phonium cation was also the preferred decomposition product for 
the vinyl compounds. For example, the cationic compounds 
rraw-Pd(PPh3)2(CD3CN)((£)-COCR=CHR')+BF4- (R = Me, 
R' = H; R = H, R' = Me) were found to decompose quantitatively 
at 25 0C in CDCl3 in a few hours to the corresponding phos-
phonium salts, presumably by an initial deinsertion of CO (eq 6). 

Pd(PPh3)2(CD3CN)((£>COCR=CHR')+ 

— — • PPh3C(E)-CR=CHRO+ 

CDCl 25 0C J * v - / 

3 (R = Me, R' = H; R = H, R' = Me) (6) 

Finally, the radical decomposition pathway was also available 
for the non-benzylic alkyl compounds if the formation of the 
phosphonium salt was precluded. For example, CMe4 was the 
sole decomposition product when m-Pd(bpy)(CH3CN)-
(CH2CMe3)+BF4~, formed by the reaction of 1 equiv of AgBF4 

with CZ-T-Pd(OPy)(Br)(CH2CMe3)
11 in CH3CN, was heated in 

CDCl3 at 70 0C (eq 7). The absence of any rearrangement of 
the neopentyl group appeared to exclude the intermediacy of 
carbocations in this reaction. 

Pd(bpy)(CH3CN)(CH2CMe3)+
 C D C I i t 7 0 . c ' 

CMe4 (>98% d0) (7) 

In conclusion, we have demonstrated (a) the surprising diversity 
of radical and nonradical pathways that exists for the decompo­
sition of monoalkyl complexes of the later transition metals and 
(b) how the preferred pathway is a function of the alkyl group, 
the nature of the complex, and the reaction conditions. 
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(9) This reaction resembled the Heck procedure for the alkylation of olefins 
which is believed to involve the intermediacy of Pd(II) alkyl species, see: 
Heck, R. F. Organotransition Metal Chemistry: A Mechanistic Approach; 
Academic Press: New York, 1974; Chapter 5. 

(10) The reductive elimination of the phosphonium cation has been ob­
served previously; see: Kampmeier, J. A.; Harris, S. H.; Rodehorst, R. M. 
J. Am. Chem. Soc. 1981, 103, 1478 and references therein. 

(11) Diversi, P.; Fasce, D.; Santini, R. J. Organomet. Chem. 1984, 269, 
285. 
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Photochemical oxygen atom transfer reaction by heterocycle 
A'-oxides1 can be considered to be one of the mechanistic model 
systems of various biological oxidations catalyzed by hepatic 
monooxygenases, e.g., cytochrome P-450. After extensive in­
vestigations, it has been proposed that the reaction is induced by 
the active oxygen species such as oxene or oxazilidine intermediates 
arising from the excited A'-oxides.2 

In this paper we wish to present a first example of a photo­
chemical oxygen atom transfer reaction by the A'-oxides proceeding 
via a single-electron-transfer process which is suggestive of the 
presence of an alternative process not involving these active oxygen 
species in the photochemical oxidation by the heterocycle N-oxides. 

Irradiation3 of a mixture of pyrimido[5,4-g]pteridine A-oxide 
I4 (5 mM) and AVV-dimethylaniline (DMA) (50 mM) in dry 
acetonitrile with UV-visible light at ambient temperature under 
argon atmosphere afforded the deoxygenated pyrimido[5,4-g]-
pteridine and A-monomethylaniline (MMA) in high yields. No 

(1) Streith, J.; Danner, B.; Sigwalt, C. J. Chem. Soc. D 1967, 979. Al-
kaitis, A.; Calvin, M. Ibid. 1968, 292. Igeta, H.; Tsuchiya, T.; Yamada, M.; 
Arai, H. Chem. Pharm. Bull. 1968,16, 767. Jerina, D. M.; Boyd, D. R.; Daly, 
J. W. Tetrahedron Lett. 1970, 457. Tsuchiya, T.; Arai, H. Igeta, H. Ibid. 
1969, 2747; 1970, 2213. Nakagawa, M.; Kaneko, T.; Yamaguchi, H. J. 
Chem. Soc, Chem. Commun. 1972, 603. Nakagawa. M.; Kaneko, T.; Yam­
aguchi, H.; Kawashima, T.; Hino, T. Tetrahedron 1974, 30, 2591. Serra-
Errante, G.; Sammes, P. G. J. Chem. Soc, Chem. Commun. 1975, 573. 
Rastetter, VV. H.; Gadek, T. R.; Tane, J. P.; Frost. J. W. J. Am. Chem. Soc. 
1979, 101, 2228. Akhtar, M. N.; Boyd, D. R.; Neil, J. D.; Jerina, D. M. J. 
Chem. Soc, Perkin Trans. 1 1980, 1693. Tokumura, K.; Goto, H. Kashi-
wabara, H. Kaneko, C; Itoh, M. J. Am. Chem. Soc 1980, 102, 5643. Ito, 
Y.; Matsuura, T. J. Chem. Soc, Perkin Trans. I 1981, 1871. Rowely, A. G.; 
Steedmann, J. R. F. Chem. Ind. (London) 1981, 365. Ogawa, Y.; Iwasaki, 
S.; Okuda, S. Tetrahedron Lett. 1981, 22, 2277, 3637. 

(2) For recent reviews on the mechanism for photochemistry of the het­
erocycle A'-oxides, see: Spence. G. G.; Taylor, E. C; Buchardt, O. Chem. Rev. 
1970, 70, 231. Albini, A.; Alpegiani, M. Ibid. 1984, 84, 43. 

(3) A 400-W high-pressure mercury arc lamp (Riko Kagaku Sangyo) 
through Pyrex filter. 

(4) Recently, we have demonstrated that the A'-oxide 1 is an efficient 
oxygen atom transfer agent; e.g., the A'-oxide 1 oxidizes benzene, toluene, and 
anisole under UV irradiation to give the corresponding phenols in high yields: 
Sako, M.; Shimada, K.; Hirota, K.; Maki, Y. Tetrahedron Lett. 1985, 26, 
6493. 
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