
J. Am. Chem. Soc. 1981, 103, 973-975 973 

16 H 12 10 8 6 4 

pKa (BH) 

Figure 1. Bronsted plot for proton transfer from the conjugate acid of 
2,7-dimethoxy-l,8-bis(dimethylamino)naphthalene to external bases in 
aqueous solution at 25 0C. The oxygen bases (open circles) are, from 
left to right, CF3CH2O", CH3CHNO-, C6H5CHNO", 3,4-
(CHj)2C6H3O", C6H3O", 4-ClC6H4O", 2-ClC6H4O", 2,4-Cl2C6H3O", 
4-NO2C6H4O", 2,4,6-Cl3C6H2O", and the nitrogen bases (triangles) are, 
from left to right, (CH2)5NH, CH30(CH2)3NH2, C6H5CH2NH2, 
(CH3O)2CHCH2NH2, CN(CH2)2NH2, and CF3CH2NH2. 

with a sharply curving portion joining limbs of zero and unit slope, 
as expected for a normal acid-base reaction.1 Nitrogen bases react 
more slowly than oxygen bases of the same p£„; part of this 
difference could be an electrostatic effect inasmuch as the oxygen 
bases are all negatively charged, but the more gradual curvature 
shown by the nitrogen bases indicates that these N-to-N proton 
transfers are also intrinsically slower than the N-to-O transfers 
of the other set. This is expected on the basis of the lower 
electronegativity and consequent poorer hydrogen-bond accepting 
ability of nitrogen bases.1,8 The hydroxide ion shows an anom­
alously high reactivity, which again is the expected result for a 
normal acid externally hydrogen bonded to solvent reacting by 
a Grotthuss-chain mechanism. 

These results are the expected behavior for the two-step reaction 
scheme of eq 1, and assignment of this mechanism confirms the 
conclusion reached in previous studies of the kinetics of protonation 
of 2,7-dimethoxy-l,8-bis(dimethylamino)naphthalene in Me2SO-
water solution.* The pKa of protonated 2,7-dimethoxy-l,8-bis-
(dimethylamino)naphthalene has also been estimated from 
measurements made in Me2SO-water solution, but the result 
obtained, pAfa = 16.3,6 is considerably less than the value, pATa 
= 19-20, deduced for wholly aqueous solution from the position 
of the break in the present Bronsted plot (Figure 1) and the 
lowering of the horizontal limb of this plot from the value expected 
for an encounter-controlled reaction. 
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agents.1 Generally, their reactions with organic substrates such 
as ketones, unsaturated hydrocarbons, alkyl halides, etc., have been 
considered to proceed via a polar mechanism.1'2 

Recently, reports from our laboratory3 as well as others4 have 
indicated the importance of single electron transfer (SET) in 
describing the mechanism of addition of main group organo-
metallic compounds to ketones. More recently we have demon­
strated that metal hydrides as well do indeed react with aromatic 
ketones via a single electron transfer mechanism.5 In view of 
our recent findings with ketones, we decided to investigate single 
electron transfer of metal hydrides with organic substrates more 
broadly in order to test the scope of our initial findings. In this 
connection we are attempting to detect SET either by using a probe 
that will indicate a SET intermediate6 or simply by selecting 
substrates whose radical intermediates formed by the electron 
transfer are stable enough to be studied spectroscopically. Here 
we wish to present evidence for the reactions of various simple 
and complex metal hydrides of the main group metals with 
polynuclear hydrocarbons via a SET mechanism as indicated by 
EPR and visible spectra of the intermediate radical anions. 

In general, reactions of metal hydrides with organic substrates 
such as polynuclear hydrocarbons can be considered to involve 
two major steps. In the first step, the metal hydride reacts with 
the substrate via either SET to give a radical anion intermediate 
or by a polar mechanism transferring a hydride ion to the hy­
drocarbon. The next step of the SET or polar mechanism involves 
the conversion of the intermediate to the product. The present 
studies concentrate mainly on the first step of the reaction, and 
only preliminary results are presented here concerning the later 
stages of the reaction. To the best of our knowledge there is only 
one report available on the reaction of a metal hydryde (LiAlH4) 
with a hydrocarbon (anthracene) to give a reduction product. The 
reported mechanism was thought to be polar.7 

When a simple or complex metal hydride of a main group metal 
[LiAlH4, NaAlH4, AlH3, MgH2 and HMgCl] is allowed to react 
with a polynuclear hydrocarbon such as naphthalene, anthracene, 
phenanthrene, 2,3-benzanthracene, chrysene, benzo[a]pyrene, and 
perylene, in THF, a colored solution results. The rate of devel­
opment of this color is dependent on the reactivity of the individual 
metal hydride, the reduction potential of the polynuclear hydro­
carbon, the solvent, and the concentration of both reagents. Thus, 
the most reactive hydrides, LiAlH4 and NaAlH4, react with pe­
rylene (reduction potential = -1.64 eV) at 10"4 M concentration 
in THF at room temperature to give a blue intermediate, the 
intensity of which reaches ^80% within 2 days [as determined 
by visible spectroscopy (X1n, 578 nm; Table I)] and increases 
slowly thereafter. On the other hand, naphthalene (reduction 
potential = -2.56 eV) produces only a trace amount of colored 
intermediate even at much higher concentration and after 10 days' 
reaction time. Similarly, the least reactive hydride reagent, 
HMgCl, reacts with perylene to give only about 20% intermediate 
after 15 days' reaction time. The colored intermediates obtained 
in these reactions are paramagnetic in nature and show well-re­
solved EPR spectra (Figure 1). The EPR and visible spectra were 
found to be similar to that of the radical anion, irrespective of 
the countercation.8"10 For example, there is no appreciable 
difference in the spectrum of the reaction product of perylene with 
LiAlH4 or NaAlH4 (Table II). This observation is consistent 
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Simple and complex metal hydrides of the main group metals 
are extensively used in synthetic organic chemistry as reducing 
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Table I. Reaction of LiAlH4 with Polynuclear Hydrocarbons in THF at 24 °C° 

hydrocarbon 

anthracene 
benzo[a]pyrene 
chrysene 
2,3-benzanthracene 
phenanthrene 
perylene 
naphthalene 

molarity, 
1 X 10-" 

M 

300 
1 
4 
1 
4 
1 

500 

reaction 
time, 
days 

15 
5 
7 
5 
7 
2 

10 

color 

light blue 
violet 
blue-green 
yellow 
blue 
blue 

radical6 

anion 
(approx.), 

% 
8 

40 
10 

>50 
9 

80 
trace 

EPR data 

g value 

2.0029 
2.0031 
2.0035 
2.0032 
2.0030 
2.0029 
2.0030 

no. of 
lines 

observed 

43 
93 

111 
65 
43 
59 
11 

visible spectrum 

^•max' 
run 

657 
521 
470 
398 
358 
459 
577 

e 
(1 X 10"3) 

7 
10 

- 6 0 
13.8 
63 

ref 

8,9 
8,10 
8 
8,9 
8 
8,9 

16 
0 Hydride reagent was used in fivefold excess. 6 The amount of radical intermediate increases steadily with time and the percentage of 

radical-anion intermediate was calculated at the given time from the values of the extinction coefficient as well as by integrating the EPR spec­
tra. Values are within +5% of the reported values. 

Table II. Reaction of Perylene with Metal Hydrides in THF at 24 0 C 

hydride 

LiAlH4 

NaAlH4 

AlH, 
MgH2 

HMgCl 

molarity of 
hydrocarbon, 

1 X 10"4 M 

1 
1 
1 
1 
1 

reaction 
time, 
days 

2 
2 
5 
7 

15 

color 

blue 
blue 
blue 
blue 
blue 

radical 
anion 

(approx.),6 % 

80 
80 
31 
35 
20 

EPR data 

g value 

2.0029 
2.0029 
2.0030 
2.0030 
2.0029 

7,9 

no. of 
lines 

observed 

59 
59 
59 
59 
59 

visible 
spectrum 

*-max> n m 

577 
578 
578 
578 
578 

0 Hydride reagents were used in fivefold excess. 6 Percentage of radical anion was determined by comparing with perylene negative ion, 
e = 63 000, in the visible and by EPR signal integration. Values are within ±5% approximation. 
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with the existence of the radical anion as a solvent-separated ion 
pair. 

The rates of the SET reactions between metal hydride and 
hydrocarbon aTe slow and can be accelerated by using an excess 
of metal hydride. However, in some cases when a large excess 
of hydride is used, formation of the dianion takes place as a 
consequence of additional electron transfer to the monoanion. 
Reduction to the dianion is again dependent on the reduction 
potential of the hydrocarbon;11 e.g., in the case of anthracene 
(reduction potential = -1.96 eV), no appreciable dianion formation 
was observed even when a 10-fold excess of LiAlH4 was used. 

Thus, it appears from the EPR and visible spectroscopic studies 
on the intermediates produced in these reactions that a single 
electron is being transferred from the metal hydride to the hy­
drocarbon forming a radical-anion-radical-cation pair (Ar--MH+-) 
which can either give the reduction product, ArH~,M+, by hy­
drogen transfer or can generate the solvent separated ion pair, 
Ar-,M+ , by dissociation (Scheme I). Hydrolysis of this later 
intermediate can produce the reduction product via either a dianion 
as reported earlier in the case of perylene radical-anion protonation 
or via its reaction with H2O followed by attack of another rad­
ical-anion as demonstrated (Scheme I) in the case of anthracene 
protonation.11-14 In a typical reaction of anthracene with LiAlH4 

(11) S. Jensen and V. D. Parker, /. Am. Chem. Soc, 97, 5211 (1975). 
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Figure 1. EPR spectrum of the reaction of (A) LiAlH4 with anthracene, 
(B) LiAlH4 with perylene, and (C) NaAlH4 with phenanthrene in THF 
at room temperature (25 0C). Scale: 3.57 G/cm. 
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in THF, slow hydrogen gas evolution takes place continuously over 
the reaction period. Upon hydrolysis of the intermediate reduction 
products, 9,10-dihydroanthracene, (ArH2 when hydrolyzed with 
H2O) and 9,10-dihydroanthracene-9-rf (ArHD and ArD2 when 
hydrolyzed with D2O) are obtained. On the other hand, when 
the above reaction is carried out by using LiAlD4 under the 
identical reaction conditions, hydrolysis with H2O again produced 
both ArHD and ArH2. These results indicate the presence of a 
solvent-separated ion pair (Ar--,M+ as well as ArH-M+ or 
ArD-M+) prior to hydrolysis. In the reaction with LiAlH4 more 
ArD2 is formed than ArHD (when hydrolyzed with D2O), and 
in the reaction with LiAlD4 more ArH2 is formed than ArHD 
(when hydrolyzed with H2O), indicating that more of the reaction 
is proceeding via pathway b than pathway a. The mechanism of 
hydrolysis had been studied earlier by previous workers; however, 
we are actively studying the later part of the reaction. 
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Photoinitiation of homogeneous catalysis by irradiation of 
thermally inert iron carbonyl catalyst precursors has been dem­
onstrated to be a procedure for effecting olefin isomerization, 
hydrogenation, and hydrosilation reactions at low temperature1-3 

compared to thermal catalysis.4 However, there has been very 
little quantitative information concerning the activity of photo-
generated catalysts. In this communication we wish to report 
preliminary experiments that show that Fe(CO)5 and Fe3(CO) 12 
are photochemical precursors to thermally active catalysts that 
rival the fastest homogeneous catalysts known.5 The catalytic 
chemistry studied has been that represented by eq 1 and 2 and 
the question addressed has been what is the turnover rate for the 
photogenerated catalysts? Answering such a question is important 
in establishing whether photoinitiation of catalysis can provide 
products at a useful rate. But the answer is not straightforwardly 
obtained, since the actual catalyst in this system is not well 
characterized. We have taken an approach that allows us to put 
some lower limits on the activity of the catalyst. 
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Fe3(CO)12 

Fe3(CO)1, 

^ /—* SiEt3 

The observed quantum yield for consumption of 1-pentene 
according to (1) or (2) significantly exceeds unity1-3 and indicates 
that an active catalyst is generated photochemically. But the 
quantum yield at a single light intensity only gives the efficiency 
for utilizing incident quanta. The quantum yields from Fe(CO)5 
or Fe3(CO)12 photocatalyzed reactions are not found to be infinite; 
catalysis does not persist in the dark after photoinitiation in these 
systems. Sealed reaction vessels lead to the possibility of the 
catalyst back reacting with photoejected CO while purging with 
an inert gas to remove the CO leads to clusters that are cata-
lytically inactive. This chemistry complicates the determination 
of catalyst turnover rate. Thus, the approach we have taken has 
been to determine the observed rate of 1-pentene consumption 
by using very high light intensity excitation where the catalyst 
turnover rate, not photogeneration of the catalyst, could become 
the rate-limiting feature. The results are given below. 

Photocatalysis experiments according to eq 1 and 2 were carried 
out by using an Ar ion laser as the excitation source to provide 
very high light intensity. Consumption of 1-pentene as a function 
of irradiation time proves to be a very fast process. Typically, 
we have monitored the chemistry by gas chromatography, but in 
these experiments we found that the reaction is so fast that we 
became concerned about the finite time interval involved in opening 
hermetically sealed ampules to quench any residual dark catalytic 
activity. 

Irradiation of several samples for equal time followed by analysis 
of each at a different time after irradiation reveals no dark aft­
ereffects; that is, it would appear that when the light is turned 
off catalysis ceases essentially instantly. The time resolution of 
this sort of experiment is <30 s, the time needed to quench any 
catalytic activity by exposing the solutions to O2 by opening the 
hermetically sealed ampules. We have found that neat 1-pentene 
solutions can be quantitatively analyzed by near-infrared ab­
sorption spectroscopy. Figure 1 shows the results of catalysis on 
a portion of the near-infrared spectrum of 1 -pentene. Independent 
measurement of the spectra of pure cw-2-pentene and pure 
fra/w-2-pentene in the same wavelength range shows that the 
spectral changes shown in Figure 1 are consistent with the 
chemistry represented by eq 1 where the ratio of fra/w-2-pentene 
to m-2-pentene is roughly 3:1. The near-infrared spectrum of 
1-pentene shows bands not present in the 2-pentenes and allows 
quantitative analysis of 1-pentene disappearance on a time scale 
much faster than gas chromatography. Comparison of a near-
infrared spectrophotometric analysis and gas chromatographic 
analysis of 1-pentene disappearance shows that the near-infrared 
is a reliable quantitative technique. Monitoring the unique 
near-infrared absorbance of 1-pentene shows that catalysis persists 
for <5 s after irradiation of Fe(CO)5/1-pentene mixtures is 
terminated. Flash photolysis followed by monitoring at 1330 nm 
shows that catalysis is over within a few seconds after the light 
is switched off (vide infra). 

Table I summarizes typical data for photocatalysis experiments 
using high light intensity continuous laser excitation. The shortest 
convenient irradiation time was 5 s in such experiments, and 
roughly 25-50% conversion of neat starting material to product 
could be obtained by using either Fe(CO)5 or Fe3(CO)12. In the 
reaction of HSiEt3 with 1-pentene, the 2-pentenes account for only 
~25% of the 1-pentene reacted; that is, 75% of the 1-pentene 
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