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Kinetic Analyses. Phosphate buffer, 0.050 M, pH 12.5, was mixed
with an equal volume of rers-butyl alcohol. Esters of approximately 1
X 1072 M were dissolved in acetonitrile. Reactions are initiated by
injecting 100 uL of the ester solutions into a cuvette containing 3.0 mL
of the butanol-phosphate buffer which had previously been brought to
the desired temperature in a Perkin-Elmer Model 571 spectrophotometer.
After mixing the solution of ester in butanol-phosphate buffer, the optical
density at 287 nm due to the formation of 3,4,5-trimethoxyphenol was
recorded on a digital printer during the course of the first 3% of the
reaction, Best fit linear regressions of these straight line regions (r 2
0.990) afforded the initial rates in OD/s which were then converted to
mol/Les by dividing by the extinction coefficient of 3,4,5-trimethoxy-
phenol in the butanol-buffer mixture, the ester concentration in the
cuvette, and the calculated hydroxide ion concentration. Analyses were
performed at least three times on each ester at each temperature, 20, 30,
and 40 °C.

Preparation of Ethylene Ketals of 1-Adamanty] Methy] Ketone and
tert-Butyl Methyl Ketone. Ethylene glycol and a few milligrams of
p-toluenesulfonic acid were reacted in benzene with 1-adamantyl methyl
ketone and pinacolone, respectively, by azeotropic distillation of water.
The crude ethylene ketals obtained after the usual workup were purified
by either fractional distillation or preparative vapor phase chromatog-
raphy. Physical and spectroscopic characteristics were identical with the
literature?® values in the case of the ketal derived from pinacolone. The
ketal derived from 1-adamantyl methyl ketone, mp 52-53 °C, evinced
spectroscopic and elemental analyses consistent with its formulation.

Heats of Hydrolysis of Ethylene Ketals. The heats of hydrolyses in
a 92% aqueous dioxane solution 0.001 N in HCI were measured with an

LKB 8721-4 closed bomb reaction calorimeter in combination with an
LKB 8700 Precision calorimetry system. The calibration of the calo-
rimeter was accomplished by using THAM. For this part the calorimeter
vessel was filled with 60 mL of 0.102 M HCI. The reaction was carried
out in a thermostat which was controlled at 25.00 + 0.01 °C. Resist-
ance~time measurements were obtained to give a sufficiently long post-
reaction period, about 10 min after thermal equilibrium had been
reached.
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Abstract: The absolute rate constants for the reactions of #-Bu,Ge: and #-Bu,Sn- radicals with a wide variety of organic compounds
have been measured in solution at ca, 300 K by using laser flash photolysis techniques. For most of the substrates examined
the n-Bu,Ge- and n-Bu,Sn. radicals were found to have essentially equal reactivity, e.g., the measured rate constants were
7.4 X 108 and 1.4 X 10° M~ s7!, respectively, for duroguinone; 9.6 X 107 and 1.3 X 10% M 57!, respectively, for benzil; 8.6
X 107 and 9.9 X 10" M~ 571, respectively, for styrene; 4.6 X 107 and 6.8 X 107 M™! 57!, respectively, for 1,4-pentadiene; and
8.6 X 107 and 1.7 X 108 M 57!, respectively, for tert-butyl bromide. In all their reactions, these two radicals are less reactive
than triethylsilyl radicals. From literature data we are able to estimate that the inversion of triorganogermyl radicals is somewhat

slower than that for triorganosilyl radicals.

Absolute rate constants for a wide variety of reactions involving
carbon-centered radicals are available, but the same cannot be
said for radicals centered on the other atoms from group 4.

For silicon-centered radicals the most extensive (and almost
the only) absolute rate data come from our own recent work, We
have measured rate constants for the formation of silyl radicals
by H-atom abstraction from the parent silanes,*® for the addition

of triethylsilyl radicals to carbonyl compounds*’ and other classes
of unsaturated compounds,® and for halogen atom abstractions
by triethylsilyl.»?

Considerably less information is available regarding the absolute
reactivity of tin-centered radicals. Rotating sector studies, which
were reported from this laboratory in 1968,1%1!1 yielded rate
constants for H-atom abstraction from tri-n-butyltin hydride (and
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a few other tin hydrides) by carbon-centered radicals and rate
constants for halogen-atom abstraction by the #»-Bu;Sn- radical.
Subsequent rotating sector studies yielded rate constants for the
reaction of the #-Bu;Sn- radical with some disulfides!? and per-
oxides.!’> More recently, the reaction of carbon-centered radicals
with n-Bu;SnH has been reexamined by using laser techniques, !4
and the results of the 1968 report!! have been largely confirmed
and considerably expanded. Other recent reports have provided
absolute rate data on the reaction of the Sn—H bond with alkoxyl
radicals, 5% ketone triplets,!’® some 1,4-biradicals,!® and tri-
alkylstannyl radicals.!”1®

For germanium-centered radicals very little is known about the
absolute rates of reactions leading to their formation, or reactions
in which they attack organic substrates. Rate constants for
H-atom abstraction by tert-butoxyl from s#-Bu;GeH and Ph;GeH
have been reported,® as have the rate constants for H-atom ab-
straction from n-Bu;GeH by methyl and trichloromethyl radicals,'®
and by primary alkyl radicals.® There are no absolute rate
constants for reactions of germanium-centered radicals with or-
ganic molecules. However, we have measured the rate constant
for the reaction of #-Bu;Ge- radicals with oxygen?! and that for
the bimolecular self-reaction of Me,Ge- radicals.? This lack of
kinetic data should not, however, be taken to mean that the
reactivity pattern for RyGe-: radicals has not been established. In
fact, a considerable volume of information has been gathered since
Fischer et al.’s 1954 reference to an addition reaction of a germyl
radical?® A recent review by Sakurai?* summarizes our current
knowledge of these radicals, most of which has come from product
studies and EPR spectroscopy. For example, the ease of addition
of R3M. radicals to carbonyl groups follows the order?2

R;Si- > R;Ge: ~ R;Sn > R,Pb

while the order of reactivities with different carbonyl compounds
for R3Ge- is not unlike the one observed for R,Si-, with diketones
showing extremely high reactivity and carboxylic esters being
almost unreactive.

In the present work we have employed laser flash photolysis
techniques to measure the absolute rates of reaction of n-Bu,;Ge-
and n-Bu;Sn- radicals with some carbonyl compounds, some other
unsaturated molecules, and some organic halogen atom donors.
These studies turned out to be rather difficult, and out of necessity
they are somewhat more limited than our earlier reports*’ on
the reactions of Et;Si- radicals. Nevertheless, they do provide a
broad and useful picture of the absolute reactivities of germanium-
and tin-centered radicals which should provide a strong base for
further, more detailed investigations of such radicals.

Experimental Section

Materials. Tri-n-Butylgermane was prepared by reduction of -
Bu,GeCl by lithium aluminum hydride.?® The chloride and all other

(12) Spanswick, J.; Ingold, K. U. Int. J. Chem. Kinet. 1970, 2, 157-166.
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compounds were commercially available. Before use they were generally
purified by standard methods or were already available in purified form
in our laboratory.

Laser Flash Photolysis. General Techniques. The samples (usually
1 mL) were contained in 3 X 7 mm? cells made of rectangular Suprasil
tubing and were deoxygenated by bubbling with oxygen-free nitrogen.
A Molectron UV-24 nitrogen laser delivering pulses at 337.1 nm (~8
ns, up to 10 mJ/pulse) was used for excitation. The system, which uses
a PDP 11/23 computer for experiment control, data handling, and
storage, has been described in detail elsewhere.”

Considerable problems were encountered with a number of organo-
halides because the reactants were rapidly consumed by the well-known
radical chain process.”® To avoid substrate depletion, fresh samples were
generally used for each concentration of substrate for which kinetic
measurements were made, and the number of laser pulses was reduced
to a minimum. For the #-Bu;Ge-/halide reactions for which this problem
was acute, e.g., with CH;lI and with #-C3H5I, only a lower limit for the
rate constant for halogen abstraction could be obtained. However, for
the two n-Bu;Sn-/halide reactions that were examined this problem was
overcome by the use of a flow system.?® This was possible because the
tin hydride precursor is commercially available and, being substantially
more reactive toward H abstraction than its germanium analogue, can
be used at lower concentrations. Furthermore, relatively few absolute
rate constants were required for the n-Bu,Sn«/halide reactions (vide
infra). Typical flow rates were ca. 0.1 mL/pulse.

Kinetic Procedures. Both n-Bu;Ge: and #-Bu,Sn. radicals show intense
UV absorptions at A < 320 nm.® However, the nature of the experiments
is such (vide infra) that the samples were usually not sufficiently
transparent in this region to allow the analyzing beam to pass through
them, which is an essential requirement in this type of experiment.
Fortunately, the absorption spectrum of #-Bu;Ge: shows a shoulder band
in the 350-nm region,® and that of #n-Bu;Sn- shows a second band in the
400-nm region.®!* These absorptions are weak, particularly in the case
of n-Bu;Ge:., but are still adequate for kinetic analysis using signal av-
eraging techniques provided the substrate and/or products of reaction do
not have interfering absorptions in these spectral regions. This direct,
time-resolved monitoring of changes in the concentrations of the #-Bu;Ge:
and n-Bu;Sn. radicals, which is referred to hereafter as method A, was
found to be suitable for most substrates. For #-Bu;Ge: the monitoring
wavelength was 346 nm, since this was found to be the optimum com-
promise leading to sufficient signal intensity while allowing some sepa-
ration from the excitation at 337 nm. For n-Bu;Sn- the monitoring
wavelength was 400 nm. The need for signal averaging made the ex-
periments rather difficult in those systems where photoexcitation initiated
a chain reaction.

In those reactions in which one of the primary products showed
moderately intense absorptions at A > 345 nm, it was generally preferable
to use the signals derived from product buildup to monitor the kinetics
of the reactions.” This procedure is referred to hereafter as method B.

The probe technique, method C, which we have used to study silyl,%™*
alkoxyl,>63132 and phenyl®® radicals, involves the use of two substrates,
at least one of which yields signals suitable for kinetic analysis. Although
one substrate may carry the signal, the absolute rate for the second
substrate can be determined.*®3%32  This method was occasionally
employed in the present work when unusual difficulties were encountered
when methods A and B were used. However, in no case did method C
yield data that were better than the data obtained by one of the other
two methods.

It should be noted that rate constants measured by methods A, B, and
C are those which correspond to molecular reactivity, i.e., they incorpo-
rate all modes and sites of attack on a given substrate regardless of the
reaction path that is actually monitored. Furthermore, all three methods
require that the formation of the n-Bu;Ge- or n-Bu;Sn- radicals is suf-
ficiently rapid that, on the time scale of our experiments, formation can
be regarded as an “instantaneous” process. That is, the formation of
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Figure 1. Spectrum of the adduct radical formed by the addition of T - %z
n-Bu;Sn- to duroquinone, monitored approximately 7 us following exci- g F 5 g
tation. The inserts show the decay of n-Bu,Sn: at 450 nm and the = ‘j‘f
formation of the adduct at 418 nm. The sample contained 0.0035 M z
duroquinone in a 1:9 (v/v) mixture of #-Bu;SnH and peroxide. ©25csed 23
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n-Bu;Ger and #-Bu;Sn- must be much faster than their decay. Experi- ~lgocacool 25
ments were carried out in di-tert-butyl peroxide containing 15% (v/v) Slécsssac]Re
n-Bu;GeH or 10% (v/v) n-Bu;SnH as solvent. The metal-centered “; S BN
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Values of k, have been measured at 300 K: for n-Bu,GeH k, ~ 9 X 107 It % UD =
M s71:8 and for #n-Bu,SnH k, = 2 X 108 M 5115 Thus, under our E Simamamvcu| 7
experimental conditions the lifetime for formation of #-Bu;Ge- and »- ] 3 =%
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criteria mentioned above. The high concentration of peroxide assures an ) o ® 2g
adequate absorption at the laser wavelength (337.1 nm). g c2es ]
v T, X x x = g
Results 2 -~ loeo & E
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As would be expected, the spectrum in Figure 1 is similar to 2 c2es $E %
that of the duroquinone/triethylsilyl adduct,” The inserts in this = Tl XX ox % RES
figure show a representative adduct buildup trace obtained at 418 3 Llaaas, e < £
nm and a representative n-Bu;Sn- decay trace obtained at 450 i E TTTS2el 28 E]
nm.* These traces can be fitted with a single exponential which ‘2 e omx x § <2
yields k. the experimental first-order rate constant for signal 5 % A VA LR
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Table II. Absolute Rate Constants for the Addition of n-Bu,Ger, n-Bu,Sn-, and Et;Si- Radicals to Some Unsaturated Compounds

n-Bu,Ge® n-Bu,Sn-® Et,Si¢
meth- meth- meth-
substrate odd T K keM! s odd T, K keM!s od® T, K keM!s!

H,C=CHC=N A 300 (1.8+0.3)x 105 A 299 (8.8+0.6)X 107 C 302 (1.1t0.2)x 10°
H,C=C(CH,)C(0)OCH, A 300 (1.2+0.2)x 105 A 298 (1.2+0.1)x 106 C 300 (4.6 £0.8) x 10°
H,C=CCl, A 301 (1.0£0.1) X 10® nm C 300 (2.7+03)X 10%
H,C=CHC,H, A 298 (8.6+26)% 107 A 297 (9.9:06)X 107 C 300 (2.2%0.2)x 10°
H,C=CHCH=CHCH, (cis) A 298 (4.0+04)x 107 A 298 (6.8 £ 0.5) % 107 nm/
H,C=CHCH=CHCH, (trans) A 297 (46+03)x 107 A 298 6.8+03)x 107 C 299 (1.4:0.1)x 10%¢
1,3-cyclooctadiene A 299 (6.4 £ 0.3)x 108 A 297 <7 X 104 C 299 (3.80.4)x 10%¢
B-pinene A 301 <2 X 10° A <2 X 10° C 299 (7.1 £ 0.4) x 10% ¢
C.H, nm’ A 299 <2Xx10°% C 296 (4.6%1.0)X 10°
C,H,CH, A 300 <4x10% nm’ C 297  (1.2%0.2) X 10°

9 Same as footnote a, Table 1. b Same as footnote b, Table 1. Data are from ref 8 unless otherwise noted.
Et,SiH 1:1 (v/v) as solvent. 4 Same as footnote e, Table 1. ¢ Same as footnote f, Table L.

Di-tert-butyl peroxide/
Not measured. £ This work.

Table III. Absolute Rate Constants for the Abstraction of Halogen from Some Organic Halides by n-Bu,Ge-, n-Bu,Sn-, and Et,Si- Radicals

n-Bu,Ge-? n-Bu,Sn-? Et,Si-¢ n-Bu,Sn-¢
meth- meth- meth-

substrate od® T.K kfMs od® T, K kiMos od® T.K kMg T.K &k M's?
CH,1 A 301  >1Xx10%€ nm” C 302 (8.1%0.4)x10° 298 4.3x10°
CH,CH,CH,1 A 302 »3x107% nm” C 300 (4.3:0.6)x10°% nm ,
C.H,CH,Br A 301 (7.9:0.6)X 108 nm” C 300 (24:0.1)X10° 295 1.5x 10°%/
(CH,),CBr A 300 (86x1.0)x107 A 296 (1.7£02)Xx10® C 300 (1.1£0.05)X10° 298 1.4 X 10®
CH,CH,CH,Br A 302 (46+0.3)x107 A 295 (26:04)x107 C 300 (5.4:0.1)x10%% 298 3.2x 107!
C,H.Br A 302 <1x10° nm® C 298 (1.1+0.8)x 10° nm
cCl, A 300 (3.1 £0.5) X 108 nm” C 300 (4.6+0.8)x10° nm”
C,H,CH,Cl A 300 (1.9:0.2)x 10° nmh C 300 (2.0£0.6)x 107 298 1.1x 10°
(CH,),CCl A 300 <5x 10 nm” C 300 (2.5:0.2)X 10° 298 2.7 x 10*

@ Same as footnote g, Table 1. ¥ Same as footnote b, Table 1. € Data are from ref 9. Di-tert-butyl peroxide/Et,SiH 1:1 (v/v) as solvent.
Data from ref 11 have been normalized by multiplying by a factor of 1.7 which is the average of the ratio of the &’s measured for
(CH,),CBr and for RCH,CH,Br by laser flash photolysis in this work and by rotating sector/competitive methods in ref 11. These k’s are

recommended ‘‘best values”. € Same as footnote e, Table L

Same as footnote f, Table L.

€ Lower limit. Reactants rapidly consumed in a

chain reaction. ' Not measured. ! Value for C,H,1l. ’T'rom a competitive ESR experiment against (CH,),CBr reported in ref 55. Value

given originally has been normalized by multiplying by 1.7.

where kj is the rate of radical decay in the absence of substrate
and may include processes such as reaction with the solvent and
the radical precursors.3! In most of the systems studied in this
work ko, was much smaller than k,[substrate] so that, in the
absence of added substrate, the decay of the n-Bu;Ge- or n-Bu,Sn-
radicals occurred predominantly by a second-order self-reaction.®
Our plots of ke, vs. [substrate] usually exclude a point at
[substrate] = 0, since the kinetic analysis requires that all the
traces used follow first-order kinetics. In those systems in which
ky[substrate) could not be made to dominate either the decay of
n-Bu;Ge- or n-Bu,Sn:, or the formation of an adduct, only on upper
limit could be put on k,.

Rate constants measured for the addition of n-Bu;Ge- and
n-Bu,Sn- to duroquinone, fluorenone, and benzil at ca. 300 K are
listed in Table I.  For comparative purposes, the rate constants
previously measured” for the addition of the Et;Si- radical to these
compounds have also been listed, together with constants deter-
mined in this work for the addition of the n-Bu,;Si- radical. As
would be expected, the Et;Si- and n-Bu,Si- radicals show very
similar reactivity. Also included in this table are the results of
kinetic measurements on the reactions, presumably addi-
tions, 2533341 of p-Bu;Ge- with perfluoroacetic anhydride, pro-
pionaldehyde, and cyclohexanone and of n-Bu;Sn- with cyclo-
hexanone. An attempt to study the reaction of #-Bu;Sn- with
perfluoroacetic anhydride was frustrated by the occurrence of a
fast, spontaneous reaction between the tin hydride and the an-
hydride.*? Propionaldehyde and cyclohexanone were sufficiently
unreactive toward n-Bu;Ge- and cyclohexanone was sufficiently
unreactive toward n#-Bu;Sn- that only an upper limit could be
placed on the rate constant. Attempts to measure rate constants

(41) Krusic, P. J.; Chen, K. S.; Meakin, P.; Kochi, J. K. J. Phys. Chem.
1974, 78, 2036-2047.

(42) This reaction may be nonradical, see e.g.: Leusink, A. J.; Budding,
H. A.; Drenth, W. J. Organomet. Chem. 1968, 13, 155-162, 163-168.

k value is for CH,(CH,),Br. ! Value is for CH,(CH,),Br.

for reactions of #-Bu;Ge- and n-Bu;Sn- with acetophenone and
B-phenylpropiophenone (which has a much shorter triplet lifetime,
~1 ns, than acetophenone)* were not successful. However, from
the experimental conditions that were required in order to establish
a kinetic competition with the self-terminations or the reactions
with other substrates, it is clear that these additions to the carbonyl
group of alkyl aryl ketones occur with k ~ 105 M1 571,

Reactions with Other Unsaturated Compounds. Kinetic data
obtained by method A for the reactions of n-Bu;Ge- and n-Bu,Sn-
radicals with a variety of unsaturated compounds are listed in
Table II together with data, most of which had been previously
reported,® for the comparable reactions of Et;Si- radicals. For
some of the substrates listed in Table II these reactions have been
shown by product studies or by EPR spectroscopy to be addi-
tions.244  We presume that addition also occurs with all
substrates for which reaction occurred at a measurable rate. An
attempt to measure rate constants for the addition of #-Bu;Ge-
and n-Bu,Sn- to phenylacetylene was unsuccessful because of
complications due to signals that could not be characterized in
detail.

(43) Bergmann, F.; Hinshberg, Y. J. Am. Chem. Soc. 1943, 65,
1429-1430. Scaiano, J. C.; Perkins, M. J.; Sheppard, J. W.; Platz, M. S.;
Barcus, R. L. J. Photochem. 1983, 21, 137-147. Wagner, P. J.; Kelso, P. A;
Kemppainen, A. E.; Haug, A.; Graber, D. R., Mol. Photochem. 1970, 2,
81-85. Stermitz, F. R.; Nicodem, D. E.; Muralidharan, V. P.; O’Donnell, C.
M. Ibid. 1970, 2, 87-89.

(44) Jackson, R. A. Adv. Free Radical Chem. 1969, 3, 231-288.

(45) Sakurai, H. In “Free Radicals”; Kochi, J. K., Ed.; Wiley: New York,
1973; Vol. 2, pp 777-784.

(46) Davies, A. G. Adv. Chem. Ser. 1976, 157, 26-40.

(47) Fish, R. H.; Kuivila, H. G.; Tyminski, I. J. J. Am. Chem. Soc. 1967,
89, 5861-5868.

(48) Krusic, P. J.; Kochi, J. K. J. Am. Chem. Soc. 1969, 91, 6161-6164;
1971, 93, 846-859.

(49) Kawamura, T.; Kochi, J. K. J. Organomet. Chem. 1971, 30, C8-C12.
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Reactions with Organic Halides. Kinetic data obtained by
method A for halogen atom abstraction!011,192428:44-46,50-35 1y
n-Bu;Ge- and #-Bu;Sn. radicals for several organic halides are
summarized in Table III, Our previous data on the reaction of
Et,Si- radicals with these halides are also included, as are the “best”
values calculated (vide infra) for the reaction of n-Bu;Sn. with
several of these halides from the original rotating sector study!'®!!
and from a more recent competitive study.*> Rapid consumption
of reactants by radical chain processes was a major problem which
precluded the measurement of all but a lower limit for the rate
constants for the reactions of n-Bu;Ge- radicals with iodomethane
and 1-iodopropane (see Experimental Section). For the n-Bu;Sn-
reactions flow systems were employed, but only two substrates
(1-bromopropane and fert-butyl bromide) were examined because
of the large quantities of material required. Comparison of the
present results for the two compounds with those of the earlier
rotating sector/competitive study!! suggests that the earlier rate
constants for halogen abstraction should be increased by an av-
erage factor of (1.4 + 2.0)/2 = 1.7, which is close to the factor
of about 2 we have noted previously for H-atom abstraction from
n-Bu;SnH by carbon-centered radicals.!* A partial list of rec-
ommended “best” values for halogen abstraction by n-Bu;Sn.,
obtained by multiplying the original rate constants!! by 1.7, has
been included in Table III.

Full kinetic data for all the reactions studied in this work for
which rate constants could be obtained are available as Suple-
mentary Material.

Discussion

The rate constants measured in this work and reported in Tables
I-1ITI largely confirm the qualitative order of reactivities between
R;Si+, RyGe-, and R;Sn- radicals, and for each of these radicals
among a variety of substrates, that has been established from
product and EPR spectroscopic studies. These reactivities are
now on an absolute scale and, since many individual rate constants
have been determined, it would be a fairly simple task to extend
this scale to cover any other substrates of interest by standard
competitive techniques.

For most substrates, whether the reaction involved is an addition
to oxygen or to carbon or is a halogen abstraction, the n-Bu;Ge-
and n-Bu;Sn- radicals have essentially equal reactivity, but are
less reactive than Et;Si- (or n-Bu;Si-) radicals. The difference
in reactivity between the germanium or tin-centered radicals and
the silicon-centered radical increases as the absolute rate constants
decrease, as would be expected. Similarly, the expected difference
in reactivity between n-Bu;Ge- and n-Bu,Sn., with the former
radical more reactive than the latter, would presumably have
become more apparent if rate constants had been measured for
“slow” reactions.*® In this connection, some thermochemical
calculations®” which indicate that the Me;Ge—Cl and Me;Ge-Br
bonds (116 and 104 kcal/mol, respectively) are stronger than the
analogous Me;Si-X bonds (111 and 94 kcal/mol, respectively)
and Me;Sn—X bonds (101 and 85 kcal/mol, respectively) are
inconsistent with our kinetic data for halogen-atom abstractions
(see Table III). Furthermore, even the experimentally measured
Me;M—Me bond strengths (Me;Si-Me, 84.8 £ 1.4 kcal/mol;®
Me;Ge-Me, 77.0 £ 1.9 kcal/mol;*®* Me;Sn-Me, 69 % 2 kcal/

(50) Sakurai, H.; Mochida, K.; Hosomi, A.; Mita, F. J. Organomet. Chem.
1972, 38, 275-280.

(51) Sakurai, H.; Mochida, K. J. Organomet. Chem. 1972, 42, 339-343.

(52) Sakurai, H.; Mochida, K. Chem. Commun. 1971, 1581.

(53) Cooper, J.; Hudson, A.; Jackson, R. A. J. Chem. Soc., Perkin Trans.
2 1973, 1056-1060.

(54) Coates, D. A.; Tedder, J. M. J. Chem. Soc., Perkin Trans. 2 1973,
1570-1574.

(55) Anpo, M,; Sutcliffe, R.; Ingold, K. U. J. Am. Chem. Soc. 1983, 105,
35803583,

(56) 1n this context, the steady-state EPR method is often suitable for
measuring k for reactions having k < 10° M-1s71, see e.g., ref 7.

(57) Jackson, R. A. J. Organomet. Chem. 1979, 166, 17-19.

(58) Baldwin, A. C.; Davidson, 1. M. T.; Reed, M. D. J. Chem. Soc.,
Faraday Trans. 1 1978, 74, 2171-2178.

(59) Dzarnoski, J.; Ring, M. A,; O'Neal, H. E. Int. J. Chem. Kinet. 1982,
14, 279-289.
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mol®) show a monotonic change that is perhaps more regular than
would be suggested by our kinetic data for the addition of tri-
alkylsilyl, -germyl, and -stannyl radicals to C=C double bonds
(see Table II).

A few of the individual rate constants deserve some comment.
Thus duroquinone and other paraquinones have been used as spin
traps for group 4 (and other) metal-centered radicals.?®3*615 The
high rate constants found for the addition of the Si-, Ge-, and
Sn-centered radicals help to explain their utility.

1,3-Cyclooctadiene is notably less reactive than the acyclic
1,3-pentadiene. This is probably due mainly to the presence of
a terminal double bond in the latter compound. In addition, it
has been reported that the C=C—C=C unit is not coplanar in
the cyclic diene,* which will reduce the reactivity of this compound
relative to that of planar conjugated dienes. It is also interesting
to note that B-pinene with its single exocyclic double bond is
actually more reactive than 1,3-cyclooctadiene toward Et,Si.,
though it is less reactive toward n-Bu3Ge.. We presume that the
addition of Et;Si- to double bonds has a relatively early transition
state, whereas the addition of n-Bu;Ge- has a relatively late
transition state. For this reason any resonance stabilization of
the adduct radical will be more rate enhancing for the germy! than
for the silyl radical.

Rate constants for the addition reactions of n-Bu,Ge- and
n-Bu;Sn- (and Et;Si-) radicals are rather similar to those recently
reported™® for some phenyl radical additions, e.g., 1.8 X 108 M™!
s7! for methyl methacrylate, 1.1 X 108 M1 57! for styrene, and
4,5 X 10° M! 57! for benzene. However, this is not true for
halogen-atom abstractions, e.g., k = 7.8 X 106 M~! s7! for the
phenyl/CCl, reaction and 1.1 X 10® M s7! for the phenyl/
CH;CH,CH,Br reaction. For the triethylsilyl radical we have
previously suggested® (on the basis of the measured Arrhenius
parameters) that its high reactivity toward halogen donors,
particularly CCl,, reflected the importance of charge separation
in the transition state. The same explanation can be advanced
to explain the high reactivity of n-Bu;Ge- and #-Bu;Sn.*" toward
CCl, and other halogen donors. The lower reactivity of phenyl
may reflect the nonpolar nature of the transition state for halogen
abstraction by this radical.

Triorganosilyl, -germyl, and -stannyl radicals are approximately
tetrahedral and when generated from optically active precursors
can yield products that are optically active and have retained the
configuration of the starting material.®® We have previously
argued that the reactivity of triorganosilyl radicals is very little
affected by the nature of the organic groups (alkyl or aryl) at-
tached to the silicon, and have marshalled evidence in support of
this position.® By assuming that triethylsilyl and (1-naphthyl)-
phenylmethylsilyl radicals react with CCl, at the same rate, we
could calculate from Sommer and Ulland’s results®® on the reaction
of optically active (1-naphthyl)phenylmethylsilyl with CCl,, that
the rate constant for silyl radical inversion, k;,,, had a value of
6.8 X 10° ML 571 at 80 °C.° Additional evidence that the rate
constant for inversion of triorganosilyl radicals is of this general
magnitude was presented.®

(60) Baldwin, A. C.; Lewis, K. E.; Golden, D. M. Int. J. Chem. Kinet.
1979, 11, 529-542.

(61) Chen, K. S.; Foster, T.; Wan, J. K. S. J. Chem. Soc., Perkin Trans.
21979, 1288-1292.

(62) Bowmaker, G. A.; Campbell, G. K. Aust. J. Chem. 1979, 32,
1897~1904.

(63) Adeleke, B. B.; Wan, J. K. S. J. Chem. Soc., Perkin Trans. 2 1980,
225-228.

(64) Foster, T.; Chen, K. S.; Wan, J. K. S. J. Organomet. Chem. 1980,
184, 113-124,

(65) See also: Chen, K. S.; Wan, J. K. S.; Kochi, J. K. J. Phys. Chem.
1981, 85, 1726-1731.

(66) Chen, C.-Y.; Le Févre, R. J. W.; Sundaram, K. M. 8. J. Chem. Soc.
1965, 553-557.

(67) A radical chain reaction is spontaneously initiated on admixture of
n-Bu;SnH and CCl,.}!

(68) For a review on this problem, see: Beckwith, A. L. J.; Ingold, K. U.
“Rearrangements in Ground and Excited States™; de Mayo, P., Ed.; Academic
Press: New York, 1980; Vol. 1, Essay No. 4.

(69) Sommer, L. H.; Ulland, L. A. J. Org. Chem. 1972, 37, 3878-3881.



348 J. Am. Chem. Soc. 1984, 106, 348-353

For triorganogermyl radicals we also suggest that reactivity
will be nearly the same whether alkyl or aryl groups are attached
to the germanium.” Sakurai and Mochida®? reported in 1971
that when (1-naphthyl)phenylmethylgermyl was generated from
the optically active parent germane in the presence of CCl, it gave
optically active germyl chloride, More recently Mochida et al.”!
have studied the variation in the optical purity of the product as
a function of CCl, concentration. Kinetic analysis®’! yields
kiap/kiny = (0.52 £ 0.13) M1 at 80 °C, where k,, is the rate
constant for reaction of the germyl radical with CCl, at the
temperature of the experiment. If at this temperature we assume
a value of 5 X 10° M~ 57! for k,, then k;,, ~ 9.6 X 108571, This
value is somewhat less than the rate constant for the analogous
silyl radical inversion at 80 °C (6.8 X 10° s71), If we assume that

(70) As support for this view we note that the rate constants for H-atom
abstraction by rers-butoxyl from n-Bu;GeH and Ph;GeH are equal within
experimental error.®

(71) Mochida, K.; Yamaguchi, T.; Sakurai, H., J. Organometal. Chem.,
submitted for publication.

both inversions have the same pre-exponential factor, the barriers
must differ by 1.4 kcal/mol.
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Abstract: Selective molecular mobility provided by working with crystalline solids has been employed to prepare unsymmetrically
substituted quinhydrones too unstable with respect to self-oxidation-reduction to be prepared by crystallization from solution.
Reaction is carried out by grinding the solid components together with a mortar and pestle. Examination of the products
with differential scanning calorimetry, X-ray powder photography, and Fourier transform infrared spectroscopy shows that
the complexation reaction goes to completion under conditions in which no detectible redox reaction has occurred. The products
are shown by X-ray powder photography to be formed in a microcrystalline state. The quinones employed for complex formation
include 1,4-benzoquinone, its methyl and phenyl derivatives, 2,5-dimethyl-1,4-benzoquinone, and naphthoquinone. The
hydroquinones are those obtained from this set of quinones by reduction. This method allows the formation of isomeric pairs
of unsymmetrically substituted complexes such as benzoquinone-naphthohydroquinone and naphthoquinone~benzohydroquinone.
Such isomeric complexes differ in color and have different infrared spectra and X-ray powder patterns. In cases where it
is possible to prepare the complex by crystallization from solution its color, infrared spectrum, crystal structure, and other
properties are identical with those of the same complex obtained by grinding the solid components together. Although the
complexes formed in this way generally contain the quinone and hydroquinone in a ratio of 1:1, the complex of 2,5-di-
methyl-1,4-benzoquinone with hydroquinone is composed of two hydroquinone molecules for each quinone and that of
2-methyl-1,4-benzoquinone with hydroquinone has a somewhat variable ratio of 1:1.5 to 1:2. In each of these cases the same
complex is obtained when prepared by crystallization from solution; no 1:1 complex has been obtained from these pairs of
reactants.

Unsymmetrically substituted quinhydrones have long been
known to undergo a redox exchange reaction rapidly in solution
but much less so in the solid state. For example, the unsymme-
trically deuterium-labeled compound 1 and its redox isomer 2,!
the 14C-labeled duroquinone-hydroduroquinone pair 3 and 4,2 and
the phenylhydroquinone—p-chlorophenylbenzoquinone 5 and its

(1) (a) Gragerov, 1. P.; Miklukhin, G. P. Dokl. Akad. Nauk SSSR 1948,
62, 79-81. (b) Gragerov, 1. P.; Miklukhin, G. P. Zh. Fiz. Khim. 1950, 24,
582-588. (c) Brodskii, A. I.; Gragerov, 1. P.; Pisarzhevskii, L. V. Dok!l. Akad.
Nauk SSSR 1951, 79, 277-279.

(2) (a) Bothner-by, A. A. J. Am. Chem. Soc. 1951, 73, 4228-4230. (b)
Ibid. 1953, 75, 728-730.

redox isomer 6° have been prepared as solids, each essentially free
from the other, and found to be stable in the crystalline state at
room temperature. Although the deuterioquinhydrones 1 and 2
had been reported!® to undergo slow interconversion as powders
when heated in the temperature range 107-120 °C, the phe-
nylquinhydrones 5 and 6 were not interconverted even after several

(3) (a) Desiraju, G. R,; Curtin, D. Y.; Paul, 1. C. J. Org. Chem. 1977, 42,
4071-4075. (b) Desiraju, G. R.; Curtin, D. Y.; Paul, 1. C. J. Am. Chem. Soc.
1977, 99, 6148. (c) Desiraju, G. R.; Curtin, D. Y.; Paul I. C. Mol. Cryst.
Lig. Cryst. 1979, 52, 259-265. (d) Curtin, D. Y.; Paul, 1. C. Chem. Rev. 1981,
81, 525-541.
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