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exhibited by a particular bimetallic tungsten hydride then permits
the assessment of the static or fluxional nature of the complex
if the appearance of its '"H NMR spectrum does not unambigu-
ously establish its nature (e.g., by the intensities of the '3°W
satellites associated with each signal). If the complex is indeed
fluxional with respect to hydride ligand exchange, the Jig_1ny
evident in its '"H NMR spectrum may be analyzed in terms of
the expected "Jiy_sy, values in static isomers to gain some insight
into the types of fluxional processes operative. Inferences con-
cerning fluxionality drawn in this manner are usually consistent
with the exchange mechanisms indicated by variable temperature
'H NMR studies. Although it is true that bridging hydride ligands
show chemical shifts in areas upfield of those due to terminal ones,
the fact that these regions always overlap even in any one par-
ticular family means that a particular resonance cannot be used
diagnostically to determine the terminal or bridging nature of a
particular hydride ligand in a bimetallic organotungsten complex.

The magnitudes of 'H-'$W couplings appear to be influenced
primarily by the magnitudes of the valence s-electron densities
at the tungsten centers. Within a given family of bimetallic
tungsten hydrides, these couplings decrease in the order I > 11
> IIT =~ IV =~ W - H. This fact suggests that the four groupings
in the above series which contain bridging hydride ligands are best
viewed as single units held together by delocalized bonding which
extends over all atoms involved in the bridging system. To convey
this view, we advocate the use of the “fused” representations of
the tungsten—hydrogen bonding in these bridging systems as shown.
Finally, we note that similar trends appear to exist for the coupling
of hydrides to other transition-metal centers e.g., WJiy_ingy, is greater
for

H H 84
Rh—=¢=Rh than tor )\ .
Rh Rh
H
XX XX1

and hence analyses of the 'H NMR spectra of other bimetallic
hydrides in a manner identical with that outlined in this paper
may well prove to be quite fruitful.
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Abstract: The Arrhenius equation for the ring-opening isomerization of cyclopropylmethyl radicals (R*) to 3-buten-1-yl radicals
(R”) for the 303-362 K temperature range was determined by thermolysis of (cyclopropylmethyl)(1-hydroxy-1-methylethyl)diazene
in the presence of excess 1,1,3,3-tetramethylisoindolin-2-yloxy (Y*). Rate constants for coupling of R* with Y* were assumed
to be proportional to diffusion-controlled rate constants (k4) and rate constants (k;) for the isomerization were calculated from
k4 (corrected) and product ratios (RY/R’Y). The temperature dependence of k;, given by log (k;/s™") = (13.9 £ 0.4) - (7.6
% 0.2)/8, is significantly different from that determined by kinetic EPR spectroscopy in the temperature range 128-153 K;
log (ki/s™') = (11.34 £ 0.85) - (5.94 + 0.57)/6, where 6 = 2.3RT kcal mol™".

Rate constants for radical-molecule reactions, eq 1, can be
estimated conveniently by means of competition kinetics, provided
that R* undergoes a competitive reaction, often a unimolecular
isomerization, eq 2, for which the rate constant is known.! Radical

(1) Griller, D.; Ingold, K. U. Acc. Chem. Res. 1980, 13, 317.

processes for which the absolute rate constants have been de-

k
R+ 27— products (1)
ki
R. > RIO (2)
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termined are known as free radical clocks.! More than a dozen
primary alkyl radical clocks, with rate constants spanning more
than 7 orders of magnitude, are now available as kinetic standards.!

The accuracy of rate constants for radical-molecule reactions
(eq 1), acquired by the competition method, is necessarily limited
by the accuracy of calibration of the clock. Many rate constants
for free radical rearrangements are based on kinetic EPR spec-
troscopy, and a built-in limitation of that method? is that the data
must be acquired in a range of temperatures such that k; =~ 103
s™!. Consequently, fast radical clocks, with k;(298 K) =~ 1078,
have been calibrated at temperatures below —100 °C, very far away
from the range of temperatures in which many reactions of interest
(eq 1) occur at convenient rates. The use of such radical clocks
at ambient or higher temperatures therefore involves not only
considerable extrapolation by means of Arrhenius parameters but
also the implicit assumption that the Arrhenius relationship is
linear over a range of temperatures very much larger than that
over which those parameters were determined.

The cyclopropylmethy!l-to-3-buten-1-yl radical isomerization
is one of the fastest primary alkyl radical rearrangements that
have been followed.! Rate constants for that rearrangement,
determined by kinetic EPR spectroscopy for the temperature range
128-153 K, gave log (k/s™") = (11.34 = 0.85) ~ (5.94 £ 0.57) /4,
where # = 2.3RT kcal mol™'.> We wished to use the cyclo-
propylmethy! free radical clock to study some fast atom abstraction
reactions at ca. 325 K, and we therefore set out to calibrate that
clock over a range of temperatures near that value.

Method

The system chosen involves competition kinetics between a
bimolecular radical-radical reaction (near to the diffusion-con-
trolled limit) and the unimolecular ring opening of interest. The
source of cyclopropylmethy! radicals was hydroxydiazene I,
prepared according to Scheme I. It was chosen for its convenient
thermolysis rate at 303-362 K and for its very clean chemistry
in the presence of 2 (Scheme II).

Experimental Section

Cyclopropylmethyl Tosylate. To 14.5 g (0.20 mol) of cyclopropyl-
methanol was added 42 g (0.22 mol) of p-toluenesulfonyl chloride, with
ice cooling and in an atmosphere of dry N,. To the cold and well-stirred
solution was added dry pyridine (48 g, 0.6 mol) over a period of 1 h, and
the resulting solution was kept at 05 °C for 2 h. After overnight storage
in the freezer at about —10 °C, the reaction mixture was acidified with
ice-cold, 10% aqueous HCl and extracted three times with ether (50 mL).
The ether extract was dried over magnesium sulfate, and the solvent was
evaporated to yield crude cyclopropylmethyl tosylate (31 g, 68.5%).

Cyclopropylmethyl Hydrazine. Cyclopropylmethyl tosylate (11.3 g,
0.050 mol) was added gradually during 1 h to a stirring, ice-cooled
solution of hydrazine hydrate (50 g, 1 mol) in ethanol (25 mL). The
temperature was then allowed to rise to 20 °C where it was kept for 2
h before it was raised to 40 °C and kept at that temperature for 2 h. The
solution was allowed to stand overnight at room temperature before the
bulk of the ethanol was taken off with a rotary evaporator. Continuous
extraction of the residual liquid with ether, for 3 days, drying of the ether
with MgSO,, and evaporation of the ether yielded crude cyclopropyl-
methyl hydrazine (4.0 g, 92%) as a syrupy liquid which was used directly
for the next step.

Cyclopropylmethyl Hydrazone of Acetone. To crude cyclopropyl-
methyl hydrazine (4.0 g, 0.046 mol) in anhydrous benzene (20 g) was

(2) Griller, D.; Ingold, K. U. Acc. Chem. Res. 1980, 13, 193.
(3) Maillard, B.; Forrest, D.; Ingold, K. U. J. Am. Chem. Soc. 1976, 98,
7024.
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added, dropwise and with stirring, 10 g of acetone in 15 min. The
resulting mixture was shaken at room temperature in an atmosphere of
N, for 1 h before the temperature was raised for 1 h to the reflux tem-
perature. The mixture was cooled and dried over MgSO,. It was filtered,
the drying agent was washed with benzene, and the combined benzene
filtrate was dried again over MgSO,. Further filtration, followed by
evaporation of the solvent, left crude hydrazone (2.2 g) as a viscous liquid
which was fractionally distilled. Acetone (cyclopropylmethyl)hydrazone
(1.6 g, 28%) boiled at 42-43 °C (0.5 Torr); 'H NMR (CDCl;) &
0.08-0.63 (m, 4 H), 0.77-1.27 (m, 1 H), 1.75 (s, 3 H), 1.93 (s, 3 H),
3.01 (d, 2 H), 3.80-4.70 (s, br, 1 H);'3*C NMR (CDCl;) § 2.80, 10.26,
15.21, 24.81, 55.88, 145.36; UV (hexane) Ay, (€) 290 (16.1), 358 (2.7);
IR (neat) 3420, 3240, 3080, 2992, 2904, 2842, 1660 (weak), 1140 cm™;
MS (high resolution), m/z 126.1167, caled for C;H 4N, 126.1158.

(Cyclopropylmethyl) (1-hydroperoxy-1-methylethyl)diazene. Acetone
(cyclopropylmethyl)hydrazone (0.50 g, 0.004 mol) in dry petroleum ether
(20 mL, bp 40-60 °C), cooled with ice and stirred, was exposed to O,
in a gas system fitted with a gas burette and a manometer. When
absorption of O, ceased and an aliquot freed from solvent no longer had
the two methyl singlets of the hydrazone, the entire solution was stored
in the freezer. 'H NMR (CDCl;) 6 0.17-0.77 (m, 4 H), 1.03-1.40 (m,
1 H), 1.47 (s, 6 H), 3.67 (d, 2 H), 9.47 (s, br, 1 H); 3C NMR (250
MHz, CDCl;) § 3.51, 9.20, 21.84, 73.60, 102.89; UV (hexane) Ay, (€)
292 (10.2), 358 (21.9); IR (neat) 3320, 3080, 2988, 2936, 1680, 1179,
847 cm™; iodometric titration, 99.9 and 99.9%.

(Cyclopropylmethyl) (1-hydroxy-1-methylethyl)diazene (1). The above
hydroperoxide (2.4 mmol) in petroleum ether was added slowly to a
solution of triphenylphosphine (0.70 g, 2.7 mmol) in 12 mL of petroleum
ether, cooled to 0—5 °C. The flask was then kept at ca -5 °C overnight
when the precipitated Ph;PO was filtered off, and the filtrate was
evaporated at 10~15 °C with a rotary evaporator. The crude residue was
subjected to bulb-to-bulb distillation under high vacuum, from a bulb at
room temperature to a receiver in liquid N,. Colorless 1 (0.23 g, 67%)
was an oil at room temperature: 'H NMR (CDCl;) 4 0.07-0.63 (m, 4
H), 0.97-1.33 (m, | H), 1.34 (s, 6 H), 3.68 (d, 2 H), 4.73 (s, | H); '3C
NMR (CDCl;) é 3.30, 9.01, 26.90, 71.39, 93.60; UV (hexane) Ay, (€)
290 (9.8), 338 (19.2); IR (neat) 3410, 3080, 2982, 2933, 1685, 1215
cm™; MS (high resolution), m/z 125.1082, caled for C,H 3N, (M* -
OH) 125.1080.

1,1,3,3-Tetramethylisoindolin-2-yloxyl (2). Synthesis and purification
of 2 by the published procedure gave material with properties matching
those described.*

Thermolysis of 1. Stock solutions of each of 1 and 2 in C¢F4 were
prepared in volumetric flasks at room temperature. Aliquots of these
stock solutions were taken with calibrated syringes to prepare reaction
solutions (Table I) which were sealed into short tubes, to minimize the
free space, after several freeze-pump-thaw cycles under vacuum.
Thermolyses were carried out by immersing the tubes in oil baths con-
trolled to £0.2 °C, and the temperatures were measured with calibrated
thermometers. At 30 °C, complete decomposition of 1 took about 30
days. Tubes kept at 89 °C were left for 3 days. These reaction times,
determined by running parallel reactions with much lower concentrations

(4) Griffiths, P. G.; Moad, G.; Rizzardo, E.; Solomon, D. H. Aust. J.
Chem. 1983, 36, 397.
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Table I. Product Ratios, Viscosities, and Rate Constants®
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T (K) (2] (M) [iei? (M) 3b/3a°

meany n(C4Fy), cP

kd,g M'1 Svl ki, Svl

303 0.153 0.0113 0.940
0.990
1.01
323 0.149 0.0113 1.69
1.77
1.76
0.00915 275
2.97
291
0.00915 4.37
4.59
4.47

343 0.148

362 0.145

0.839 9.00 x 10° 2.70 X 108

0.980 = 0.036

0.648 1.24 x 100 6.43 X 108

1.74 £ 0.04

0516 1.66 x 10'° 1.42 X 10°

2.88 £0.11

0.426 2.12 x 101° 2.75 x 10°

448 £ 0.11

2The only additional products were acetone (quantitative), N, (not determined), and 2-hydroxy-1,1,3,3-tetramethylisoindoline, not fully separated
from 2. ?40.2°. ‘Calculated from the initial concentration, assuming that 1 mol of 1 leads to consumption of 2 mol of 2. Corrected for solvent
expansion, 4Reactions were carried to completion; [1]g,, = 0. ¢Ratio determined by gas chromatography. Each number represents a separate run
and is the average value for at least three injections. The detector responses for the isomers were assumed to be equal. /Errors are standard
deviations. #Calculated from kq = 1/4(2 + d,/d, + d,/d)8RT/30n,® where 5 is in cP and d,/d, was estimated, from molecular models, to be about

/2

of 2in NMR tubes, with periodic monitoring, were more than sufficient
for total decomposition of 1.

Reaction solutions were analyzed by gas chromatography on a glass
column (8 ft X 1/8 in.) packed with OV-17 (3%) on Chromosorb P (AW,
100/120 mesh), in a Varian Vista 6000 instrument fitted with a flame
ionization detector. The column temperature was held at 35 °C for 15
min before it was programmed at 5 °C min™! to 2 maximum temperature
of 220 °C, for analyses which included the assay for acetone (quantita-
tive). Other assays, for 2, 3a, and 3b, involved initial column tempera-
tures of 100 °C and a similar program to 220 °C. Products were eluted
in the following order: acetone, hexafluorobenzene, 2 and 2-hydroxy-
1,1,3,3-tetramethylisoindoline (tailing peak), 3b, 3a. The co-elution of
2 and the hydroxy isoindoline was inferred from the fact that injection
of 2 alone gave a sharp, symmetric peak. The mass spectrum of the
material in the tailing peak was not significantly different from that of
pure 2.

Identification of 3a and 3b. Analysis by GC/MS gave, for both ad-
ducts, n/z 245 (M*) 230 (100%), 190, 176, 160, 158, 145,91, 55. The
relative intensity of the signal at m/z 55 was greater in the spectrum of
material assigned as 3a. Incremental addition of Br, in CCl, to the
reaction products, and GC analysis after each increment, showed that
the component eluting second last was being destroyed and that com-
ponent was therefore identified as 3b. Excess 2, contaminated by hydroxy
isoindoline, had m/z 190 (M*), 175, 160, 158, 145 (100%), 128, 115, 91.
Adducts 3a and 3b were also separated from reactants and from other
products, but not from each other, by preparative TLC; 'H NMR of
mixture (CDCl;, 90 MHz) $ (3a) 0.15-0.76 (m, 4 H); ca. 0.9-1.3 (m,
br, ca. 1 H), 1.49 (s), 3.79 (d, 2 H), 7.17 (m), (3b) 1.49 (s) 2.45 (dd,
2 H), 4.03 (t, 3 H), 5.14 (m, 2 H), 5.91 (m, 1 H), 7.17 (m). The signals
shared by 3a and 3b, 6 1.49 and 7.17, integrated as expected on the basis
of summation of other integrals. Furthermore, the ratio 3a/3b inferred
from the NMR spectrum was the same as that obtained by GC analysis
of the same mixture. The high-resolution mass spectrum of the mixture
had m/z 245.1792; caled for C,¢H,3NO, m/z 245.1781, m/z 230.1582;
caled for C;sH,yNO (M* - CH3;), m/z 230.1546.

Viscosity Measurements. Viscosities of hexafluorobenzene (H) were
measured at 298.5, 307, 318.8, 340.8, and 365 K with a viscometer
calibrated with benzene (B) up to 340.8 K. The viscosities were calcu-
lated from the equation below, where 7 is the viscosity in cP, ¢ is the flow

mu/ne = (tu/18)(du/ dp)

and d is the density. The density values for benzene, as a function of
temperature, were taken from the literature and those for hexafluoro-
benzene were calculated from the density at 20 °C (1.612) by assuming
that the coefficient of cubical expansion (v) is 1.237 X 1073 deg™!. Values
of v for other solvents are the following: CCl,, v = 1.236 X 107 deg™;
C¢Hg, v = 1.237 X 1073 deg™.

Calculation of Diffusion-Controlled Rate Constants. Values of kg were
calculated from measured viscosities by means of the equation® below,
where 7 is in ¢cP, R is in erg deg™, T is in K, and k4 is in M~! 5™, The
ratio of the diameters of the reacting radicals (d,/d,) was estimated from
molecular models of R* and of 2 to be !/,.

ko= 1/4(2 + d,/dy+ dy/d,)8RT /30

(5) Calvert, J. G.; Pitts, J. N. Photochemistry; Wiley: New York, 1966;
pp 625-629.

Results and Discussion

Decomposition of 1 in hexafluorobenzene containing excess 2
was a very clean process, yielding only the products in Scheme
I1. 2-Hydroxy-1,1,3,3-tetramethylisoindoline was not isolated
(Experimental Section), but it is the only reasonable coproduct
to compete the overall stoichiometry.

Table I contains the rate constants (k4) for diffusion-controlled
capture of R* by 2, calculated from measured viscosities (Ex-
perimental Section), as well as the analytical data and the values
of k; derived from eq 3. The value of [2] in eq 3 was taken as

_ [3v][2]
i kc [33]

()

the average of the initial and final concentrations of 2; usually
[2].y = 0.92 - 0.94[2];,;,. That small correction for the change
in concentration of 2 with time was applied in each case, and [2]5.4
was estimated for each run to establish that 2 was indeed in ca.
10-fold stoichiometric excess throughout, with respect to [1]iiar
Rate constants (k, eq 3) for coupling of R* with 2 were obtained
by dividing k, values by five, i.e., k, = 0.2k,4. The rationale for
not using the k, values themselves in eq 3, instead of k_ values,
is discussed below.

Numerous estimates of rate constants for bimolecular radi-
cal-radical reactions, including coupling of 1°-alky! radicals with
stable nitroxyls, have been published.® Many of them came from
pulse radiolysis studies of aqueous solutions, in which nitroxyls
are undoubtedly H-bonded and, as a result, probably somewhat
less reactive than they are in aprotic solvents. The rate constants
range from values essentially at the diffusion-controlled limit to
values about 10-fold smaller.® Other numbers have been obtained
by the ESR or by the rotating sector techniques which gave, for
example, 2k,C = 5.8 X 10° M1 57! at 300 K7 (ESR) and 2k,
= 1.4-3.6 X 10° M 57! (sector) for coupling reactions of a variety
of alkyl radicals and tin-centered radicals.® The latter rate con-
stants are 2- to 6-fold below the theoretical maximum for diffu-
sion-controlled reaction.® Recent measurements of k, for coupling
of 2 with alky! radicals, based in part on the S-hexeny! clock,
suggest a value (60 °C) near 1.0 X 10° M~' s7'.° Finally, for
coupling of benzyl radicals'® and of cyclopropyl radicals'! with

(6) Ingold, K. U. in Landolt-Bornstein Numerical Data and Functional
Relationships in Science and Technology; Subvolume C, Radical Reaction
.{Qates in Liquids; Fischer, H.; Ed.; Springer-Verlag: New York, 1983 vol.

3,p I8l

(7) Paul, H. Int. J. Chem. Kinet. 1979, 11, 495.

(8) Carlsson, D. J.. Ingold, K. U. J. Am. Chem. Soc. 1968, 90, 7047.

(9) In cyclohexane, which is about twice as viscous as hexafluorobenzene
at 60 °C. Beckwith, A. L. J.; Bowry, V. W.; O’Leary, M.; Moad, G.; Riz-
zardo, E.; Solomon, D. H. J. Chem. Soc., Chem. Commun. 1986, 1003.

(10) Chateaneuf, J.; Lusztyk, J.; Ingold, K. U., personal communication.
TEMPO is expected to react somewhat more slowly than 2 because of greater
steric hindrance in TEMPO in which the alkyl groups at nitrogen are not tied
back as tightly.
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Figure 1. Arrhenius plots for isomerization of the cyclopropylmethyl
radical in solution. The solid line includes both the present measurements
and the earlier low-temperature data, corrected as indicated in the text.
The dotted line represents the least-squares fit to the corrected low-tem-
perature data alone.

TEMPO, k23°C ~ 4.9 X 108 M~ s and £25°C = 1.2 X 10° M!
s7!, respectively.

The above evidence, taken together, indicates that coupling of
R* (and R’”*) with 2 is not quite diffusion-controlled. We have
used k. = 0.2k,, not only because a factor of about 5 is indicted
from the general trend outlined above but also because it aligns
our k; values (k2°°C = 2.1 x 10® s1) with a rate constant for
cyclopropylmethyl rearrangement (k25°C = 1.6 X 10® s7!) based
on H-abstraction from HSnBu;'>!* as the clock and with ring
opening of the 3,5-cyclocholestan-6-yl radical (k; = 2.5 X 108 57!
at 30 °C) clocked by means of H-abstraction from Ph,SnH.!5-"’
Rate constants for H-abstraction from HSnBu; by alkyl radicals

(11) Johnston, L. J.; Scaiano, J. C.; Ingold, K. U. J. Chem. Soc. 1984, 106,
4877.

(12) Calculated from the data of Bergman and co-workers!? for radical
chain reduction of cyclopropylmethyl bromide. They reported a product ratio
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(15) Calculated from the data of Cristol and Barbour!® with 2.2 X 10 M-!
s71 as the rate constant for H-abstraction from HSnBu; by radicals of the
cyclohexgl type!” and a factor of 5 for the estimated greater reactivity of
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are now quite well established by means of laser flash spectros-
copy.!’

The Arrhenius equation that fits the data of Table I and the
kinetic EPR data® with correlation coefficient 0.9979 is given by

log (ki/s™) = (13.9 £ 0.4) - (7.6 £ 0.2)8

where 8 = 2.3RT kcal mol™'. The error in E is based on un-
weighted values of log k and on the assumption that errorsin 1/T
could be neglected. The error in log A represents the estimated
range of attenuation factors (5 &+ 2) for converting k4 to k.. The
Arrhenius equation does not change beyond its error limits if the
factor for converting from kq to k. is allowed to change with
temperature, from 5 at 89 °C to either 3 or 7 at 30 °C or from
5 at 30 °C to either 3 or 7 at 89 °C.

Values of k; (Table I, Figure 1) are significantly larger than
those extrapolated from low-temperature EPR data®, which gives'®
kPC=97%100s7vs. 2.1 X 103 57! from this work. The larger
A factor from the present results (10'*9 vs, 10'13)'® can be at-
tributed to experimental difficulties inherent in the EPR method.
An A factor as large as 10'*° can be rationalized, at least
qualitatively, in terms such as the fourfold degeneracy of the
reaction path, the barrier to internal rotation of the exocyclic
methylene group of cyclopropylmethyl,'® and the increase in en-
tropy of internal motion of the ring methylene groups at the
transition state for ring opening.

In summary, a combination of the low-temperature kinetic EPR
data, which gave rate constants more reliable than the Arrhenius
parameters derived from them, with the present high-temperature
data has led to substantial revision of the Arrhenius parameters
for the fast radical clock that is used most frequently.
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