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the same square patterns, so that the multiplet structure is pre- 
served, but all peaks are positive. This multiplet is less prone to 
distortions and signal cancellation, and the comparison of in-phase 
and antiphase multiplets allows one to extract coupling constants 
with high acc~racy.’~J’  Because the undesirable terms have 
vanished as if by a pixie’s magic wand, we like to refer to this 
experiment as pure in-phase correlation spectroscopy (PICSY). 
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Aromatic nucleophilic substitution stimulated by light, elec- 
trodes, solvated electrons, and electrochemically generated electron 
donors is a well-documented reaction.2 A large body of evidence 
exists to support that the reaction follows the SRN13 reaction 
mechanism depicted by the following scheme: 

RNU” RX 
f \ /  

Nu- / Y  R. 

in which the aryl radical, R’, derived from the cleavage of the 
anion radical of the substrate (RX) plays a central role in the 
formation of the substituted product (RNu). In this chain process, 
reduction of the aryl radical not only by the homogeneous or 
heterogeneous electron donors serving as initiators but also by the 
anion radicals included in the propagation loop (RNu’- and to 
a lesser degree RX’-) has been recognized, on the basis of elec- 
trochemical evidence,2bqd as a major termination step. Another 
possible termination step is the coupling of two aryl radicals that 
would lead to the corresponding dimer: 

2R’ .-+ R-R 
So far no such dimer has ever been found among the reaction 

products of SRNl substitution reactions. It is, however, interesting 
to note in this connection that a small amount of dimer has been 
detected in the addition of electrochemically generated cyano- 
phenyl radicals on styrene? a reaction that bears a close resem- 
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Figure 1. Cyclic voltammetry of 4-chlorobenzonitrile and reaction 
products in liquid NH3 (+0.25 M KBr) a t  -38 O C  at  a 0.5 mm diameter 
gold disk electrode: (a) 4-chlorobenzonitrile alone in a 4.3 m M  con- 
centration; (b) 4-chlorobenzonitrile (35 mM) in the presence of 2- 
pyridinethiolate ions (47 mM);  (c) 2-pyridyl4-cyanophenyl sulfide (5.4 
mM);  (d) 4,4’-dicyanobiphenyl (0.5 mM). Scan rate: 0.2 V/s. 

blance to the SRNl reaction. Although the absence of dimerization 
in S R N l  reactions may be related to the likely smallness of the 
concentration of the R’ radical in the chain reaction, it remains 
surprising that it has never been detected under the largely varied 
experimental conditions employed heretof~re.~ 

We have found that dimerization of aryl radicals may be, under 
appropriate experimental conditions, a quite efficient termination 
step yielding substantial quantities of the R-R dimer. 

Figure 1 shows the cyclic voltammetry of 4-chlorobenzonitrile 
in liquid ammonia alone (a) and in the presence of 2-pyridine- 
thiolate ions as the nucleophile (b). By comparison with the 
voltammogram of the substitution product (c), it appears that 
extensive substitution occurs in the diffusion layer. Some hy- 
drogenolysis product (benzonitrile) also appears as demonstrated 
by the most negative wave in b. More important, a new reversible 
wave appears positive to the RX and RNu waves and located at 
the same potential as the first wave of 4,4’-dicyanobiphenyl (d). 
The second wave of the dimer is merged with the first wave of 
RNu. It should be noted that the concentration of RX that allows 
the formation of the dimer to be observed is high (35 mM), much 
higher than the concentrations used in past studies, and that the 
excess of nucleophile is small. The formation of the dimer was 

(5) (a) The absence of dimerization has even been taken recently as strong 
evidence against the reality of the mechanism which should, in the view 
of the authors, be r e p l a d  by an SRN2 mechanism in which substitution would 
take place directly in the RX’- anion radical with no intermediacy of the aryl 
radical. (d)  Denney, D. B.; Denney, D. Z. Terrahedron 1991, 33, 6577. 
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checked by preparative-scale electrolysis. Constant current (60 
mA) electrolysis at a stainless steel grid electrode (9 cm2 geometric 
surface area, 324 mcsh/cm2) of a solution of 4chlorobenzonitrile 
(0.06 M) and 2-pyridinethiolate ions (0.1 14 M) in liquid NH3 
(+ 0.25 M KBr) at -38 OC produced, after ca. 3 h, 39% of 
4,4'dicyanobiphenyl, 43% of 2-pyridyl kyanophenyl sulfide, 8% 
of benzonitrile, and 3% of unreacted starting material. The dimer 
was identified after extraction from the electrolysis solution by 
comparison of its NMR spectrum with that of an authentic sample. 

Formation of the dimer in comparable quantities was also found 
to occur in cyclic voltammetry with 4-iodo- and 4-bromobenzo- 
nitrile as well as with khloropyridine using the same nucleophile. 
It was also observed with 4-iodobenzonitrile as the substrate and 
with thiophenoxide ions as the nucleophile. 

As noted before, we have observed that large concentrations 
of the substrate and small excesses of the nucleophile are favorable 
factors for the formation of the dimer. The anion radicals of the 
substrata that have been selected for the present study all undergo 
rapid expulsion of the halide ion. It thus appears that rapid 
formation of R' from RX'- and rapid destruction of RNu'- by 
large concentrations of RX in the propagation loop tend to de- 
crease the reduction of R' by RNu'- and RX'-. R' then mainly 
undergoes dimerization in competition with the attack of the 
nucleophile. The latter reaction should not, however, be too slow, 
otherwise the chain process would not be triggered in the solution 
and the reduction of R' at the electrode surface would annihilate 
its chances to dimerize. 

Work is now in progress to investigate in a more quantitative 
manner the exact effect of all the factors we have just evoked on 
the dimerization yield. For the moment we may conclude that 
it is possible to devise experimental conditions, making dimeri- 
zation appear as an efficient termination step in aromatic nu- 
cleophilic substitutions. This observation provides further evidence 
of the intermediacy of the aryl radical in the reaction in full 
agreement with the SRNl mechanism. 
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To our knowledge, there are no prior reports of the tropylium 
analogue of benzyne, either freelq2 or complexed to a transition 
metala3 At this time we report the preparation and properties, 
including an X-ray diffraction crystal structure, of 3, a Pt(0) 
complex of the cycloheptadienynylium ion, which we shall refer 
to as a complex of tropyne. 

Preparation of the tropyne complex is outlined in Scheme I. 
Reaction of the mixture of 1-, 2-, and 3-bromocycloheptatriene 
(la-c) with LDA led to, within the limits of detection by 
NMR, total regiochemical reversal from the reported reaction 
with t-BuOK; cycloheptadienyne complexes 2a and 2b were 
formed4 (8:l) to the exclusion of the tetraene comple~.~ Hydride 
abstraction from the mixture of 2a and 2b with Ph3C+BF4- gave 
the tropyne complex 3 as red, air-stable crystals. 

The structure assigned to 3 is based on elemental analysis, IH, 
I3C, and Ig5Pt NMR,s and an X-ray diffraction crystal 

(1 )  Roberts, J. D.; Simmons. H. E., Jr.; Carlsmith, L. A.; Vaughan. C. W. 

(2) For a review of aryncs, see: Hoffmann, R. W. Dehydrobenrene and 

(3) For transition metal complexes of benzyne, see: Bennett, M. A.; 

(4) Lu, Z.; Abboud, K. A.; Jones, W. M. Organometallics, submitted for 

( 5 )  Winchester, W. R.; Jones, W .  M. Organometallics 1985, 4 ,  2228. 
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Cycloalkynes; Academic Press: New York, 1967. 

Schwemlein, H .  P. Angew. Chem., Int. Ed. Engl. 1989, 28, 1296. 
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structure. As expected, chemical shifts of both protons and carbons 
of the seven-membered ring are all shifted downfield relative to 
their dienyne counterparts 2a and tb. However, the chemical shifts 
of the atoms that are not bonded directly to platinum are sig- 
nificantly upfield from those of the tropylium ion' ('H, 6 9.55; 
13C, 6 160.6), indicating electron donation from platinum into the 
tropylium ring. This may be due to either or both a positive 
inductive effect and electron donation into the *-framework. 
Normally, symmetry limits back-bonding from a transition metal 
into the LUMO of the orthogonal r-bond of an alkyne to an 
ineffective 6-bondO8 However, this is not the case for the tropyne 
complex because the tropylium ion has a vacant low-energy orbital9 
that can mix with a platinum 'd" orbital as pictured in 4 (rep- 
resented in resonance terms by 5). This may be significant in 

I 

1 

4 

5a 5b 

the tropyne complex as evidenced by the "C resonance at C4/6 
(lowest field resonance of remote carbons),6 which correlates with 
the smallest LUMO coefficient and, hence, the lowest predicted 
electron density in 4 (0.12, H M O  0.0, EHMO),'O a Pt-C coupling 
constant (JR4 = 458.5 Hz) that is larger than expected from 
strain" and is consistent with contribution from resonance forms 
such as 5,I'-l3 the IgsPt chemical shift (-3788 ppm) which is further 

( 6 )  Pronerties of 3 'H NMR (300 MHz. CD,CI,. 6) 7.2 fm. Phk 7.4 fm. \., ..-=-..... .~ .. .. . ~ ~~~ 

Ph), 7.66 (m, H3/7, 3Jp,-H = 51.9 Hz), 8134 (m,.H5/6), 8.64 i t ,  H5, 'Ji-H 
= 10.0 Hz); I3C NMR (75 MHz, CD2CI2, 6) 174.6 (dd, C1/2, IJRX = 458.5 

4Jp z 10.5 Hz), 141.8 G, CS), 135.6 (m, C3/7), 134.3, 133.1, 131.4 and 
12Krfor Ph: 3'P NMR (121 MHz, CD,CI,, 6,8570 H,P04 as reference) 21.5 

Hz, 2Jp,,,,_c = 83.4 Hz, 2Jp 4 = 5.0 Hz), 150.0 (d, C4/6, 3Jw< 53.2 Hz, 

(IJp,-p = 3121.8 Hz); 19% NMR (64 Mkz;CD2Cl2, 6,-Na2RC1, as reference) 
-3788. Anal. Calcd for C43H35PtP2BF4.'/2CH2C12: C, 55.68; H, 3.84. 
Found: C, 55.37; H, 3.80. 
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