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ABSTRACT: Thermolysis of N-tetramethylpiperidinyl triphenylacetate (7, Ph;CCO,T, T = 2,2,6,6-tetramethylpiper-
idinyl) in benzene at 146 °C leads to the formation of triphenylmethane (Ph3;CH, 80%), tetramethylpiperidine (TH,
91%), and tetraphenylmethane (Ph,C, 9%). First-order rate constants for the decomposition at 132.8 and 150.0°C
were 2.20 x 107° and 2.88 x 105", respectively. In benzene-dg solvent the triphenylmethane was formed as
Ph;CD to the extent of 20%, as determined by 'H NMR and mass spectrometry. The results are interpreted as showing
that Ph;CCO,T undergoes thermolysis by concerted two-bond scission with formation of Ph;C:, tetramethylpiper-
idinyl radicals and CO,. The formation of Ph4C occurs by addition of Ph;C" to benzene, followed by hydrogen atom
abstraction from the resulting adduct. Calculations using DFT methods at the B3LYP/6-311++G** level were used
to elucidate the bond fission of HCO,T (2), and indicate that cleavage to HCO," and T is favored by 7.8 kcal mol ™
relative to cleavage to HC(e)=—=0 and TOr, in agreement with the experimental results. Copyright © 2003 John Wiley
& Sons, Ltd.

Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
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INTRODUCTION

The thermal stability of adducts of tetramethylpiperidi-
nyloxyl (TEMPO, TO") and related aminoxyl radicals
plays a prominent role in the trapping of free radicals’
and in living free radical polymerization.” As part of our
studies of the reactions of ketenes with aminoxyl radi-
cals,® we have generated a number of esters derived from
the addition of TEMPO as illustrated for the case of
phenylketene, which forms the bis(TEMPO) adduct 1
[Egn (1)]. The chemistry of such TEMPO adducts is of
great interest,**>*> but little is known about the reac-
tivity of acyl derivatives, and therefore we have under-
taken computational and experimental studies of their
properties, beginning with a study of esters RCO,T
(T = N-2,2,6,6-tetramethylpiperidinyl).
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The TEMPO ester t-BuCO,T (2) was reported to distill
at 150 °C without apparent decomposition,4a and Studer
and co-workers'® have reported that PhCH,CO,T (3)
reacted at 150 °C in fert-butylbenzene in the presence of
O, with a rate constant for formation of TEMPO radicals
as measured by ESR estimated as 1.1x 10 °s™' at
120°C for fission of the NO—C bond."® This rate
constant was a factor of 10’ lower than that calculated
from a correlation'? of logk, for dissociation of TEMPO-
derived alkoxyamines ROT (R = a hydrocarbon) forming
R and TO versus the bond dissociation energies for
R—H.'® The difference was attributed to a much greater
strength for the C—O bond in 3 due to interaction with
the C=0 group, so that the correlation with formation of
alkyl radicals would not be expected.'® Elucidation of the
mechanism involved in this process appeared desirable,
and we have therefore undertaken computational studies
of model systems and experimental studies of a TEMPO
ester expected to generate readily identifiable radicals as
a first step in this area.

RESULTS

Computations of the decomposition of the model sys-
tems HCO,NH, and HCO,T with either C—O or
N—O cleavage were carried out using DFT methods at
the B3LYP/6-311++G**//B3LYP/6-311++G** using
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Table 1. Energies (hartree) for dissociation of HCO,NH, and HCO,T (B3LYP/6-31++G**//B3LYP/6-31++G**)

Structure E ZPVE® E +ZPVE S (cal mol ' K1
HCO,NH, —245.123975 0.049343 —245.074632 68.106
HC()HO —113.891332 0.012964 —113.878368 53.585
HCO, —189.142904 0.019575 —189.123329 59.992
H,NO* —131.138719 0.025982 —131.112737 58.795
H,N —55.900417 0.018898 —55.881519 46.520
HCO,T* —597.834837 0.282024 —597.552813 112.678
TO* —483.855969 0.260681 —483.595288 104.698
T —408.617140 0.255041 —408.362099 100.801

4T =2,2,6,6-tetramethylpiperidinyl.
®Zero point vibrational energy.

Table 2. Energy changes for dissociation of HCO,NH, and HCO,T (B3LYP/6-31++G** //B3LYP/6-31++G**), with relative

energies in parentheses

Reaction AE AEzgg AH AG AS
(kcalmol ™) (kcalmol ™) (kcal mol ™) (kcal mol ™) (calmol™! K71
HCO,NH, — HC()O + H,NO* 52.4 (8.6) 53.5 (8.9) 54.1 (8.9) 40.9 (7.2) 443
HCO,NH, — HCO,' + H,N* 43.8 (0.0) 44.6 (0.0) 45.2 (0.0) 33.7 (0.0) 38.4
HCO,T — HC()O +TO* 49.7 (7.4) 45.2 (7.8) 45.8 (7.8) 32.2 (8.5) 45.6
HCO,T —HCO, + T 42.3 (0.0) 37.4 (0.0) 38.0 (0.0) 23.7 (0.0) 48.1

Gaussian 98.° The calculated energies and entropies are
given in Table 1, values of AE, AE,93, AH, AG and AS
for these processes are given in Table 2 and the computed
values of AH are shown in Eqns 2 and 3. For all the
comparisons (Table 2) there is a clear prediction that N—
O bond cleavage is favored, by amounts ranging from 7.2
to 8.9kcal mol ™' (1kcal =4.184kJ).

el AH=54.1 AH=452
H-C, + *O—NH~— - H e )
keal/mol O-NH,  kealmol Qe
P AH=4538 AH=380
HC, +°0-T =~ H“/<o B T ®
keal/mol O-T  kealmol [Sd

Esters of TEMPO bear a structural resemblance to
esters RCO3;Bu-f of tert-butyl peroxide, which are widely
used as free radical initiators and have a well-studied
chemistry.” These species undergo thermal decomposi-
tion with cleavage of the O—O bond over a range of
temperatures depending on the structure of R, and in the
more reactive cases concerted R—C bond cleavage also
occurs with formation of R, tert-BuO- and C02.7 One of
the most reactive such peroxy esters is tert-butyl triphe-
nylperacetate (4), which forms triphenylmethyl (5), tert-
butoxy radical (+~-BuQO-) and CO, in a concerted process
with a rate constant of 1.7 x 10~* at 25°C [Eqn (4)].”*
Because of the evidence of low reactivity of TEMPO
esters,'™** the analogous TEMPO ester derived from
triphenylacetic acid was chosen for study.

0 25°C

Ph sc—q _—

Ph
ph_<. +CO,  +-BuO*
0-OBut  k=17x10% s Ph 4)

4 5
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Experimentally, 2,2,6,6-tetramethylpiperidinol (TOH)
was prepared by ascorbic acid (6) reduction of TEMPO
[Eqn (5)1.*° The tetramethylpiperidinyl ester 7 was pre-
pared by the reaction of the acyl chloride with 2,2,6,6-
tetramethylpiperidinol as in Eqn (6).*

gl

14

ascorbic acid
—_—
N

o  TO OH TOH )
CH,OH
HO 0
H OH §
n-BuLi
Ph,CCOCI +TOH —» Ph,CCO,T ©)

7

The products of thermolysis of 7 in degassed benzene at
146 °C (Scheme 1) were isolated and identified by compar-
ison with authentic materials as triphenylmethane (8,
84 +£4%), tetraphenylmethane (9, 8 +=3%) and tetra-
methylpiperidine (10, TH, 91 £3%). Reaction in ben-
zene-dg gave 8 (75+4%), containing 20% Ph3CD as
determined by 'H NMR and mass spectrometry, 9
(7+3%) and 10 (93 +3%) (Scheme 1). Product yields
were determined by vapor-phase chromatography (VPC)
calibrated with authentic samples. In samples which
had been incompletely degassed, the diphenyl ether
PhOCPh,CPh,OPh (12) of benzpinacol was isolated, and
this product could be isolated in high yield when oxygen
was added to the reaction mixture prior to thermolysis.
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Scheme 1. Thermal decomposition of 7
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The kinetics of reaction of 7 in benzene were measured
by an ampoule technique, with IR measurement of
the decrease of the carbonyl peak of the ester with
time. The data were best fit with a first-order dependence
on [Ph3CCO,T] and gave rate constants at 132.8 and
150.0°C of (2.20£0.15) x 107° and (2.88 +0.80) x
10757, respectively. Owing to the experimental diffi-
culties of measuring reaction rates at these temperatures,
reliable rate constants over a wider range of temperature
could not be obtained, and the data are of insufficient
precision to warrant calculation of activation parameters.
The products of the reaction of 7 in toluene were
determined as 1,1,1,2-tetraphenylethane (74%) and
tetramethylpiperidine (78%) [Eqn (7)]. The identification
of the isolated 1,1,1,2-tetraphenylethane was confirmed
by comparison of the spectral properties with those
repor‘[ed.8b

146 °C

—>  Ph3CCH,Ph (74%) +TH (78%) (7)
toluene

Ph,CCO,T

DISCUSSION

The products and first-order kinetic behavior of 7 are
consistent with a unimolecular reaction forming CO, and
the free radicals PhsC and T (Scheme 1). Preferential
reaction of 7 with cleavage of the O—N bond, rather than
the C—O bond, is also as predicted by the calculated
preference (Table 2) of 6.5-7.8 kcal mol ™! for the model
system in Eqn (3). The formation of Ph;CH (8) and
tetramethylpiperidine (TH, 10) would occur by hydrogen
abstraction reactions, while tetraphenylmethane (9,
Ph4C) could be formed by addition of triphenylmethyl
radical to benzene forming the radical 11, which loses a
hydrogen atom to Ph;C' or to tetramethylpiperidinyl
radical (T7). The experiment in benzene-ds forming
20% Ph3;CD confirms the role of intermediate 11, but
the incomplete deuteration found and the high yield of
TH (10) show that there are other sources of H atoms
available, possibly the piperidine rings or the head-to-tail
dimer of Ph5C-.

The rate constant of 7 at 150°C of 2.88 x 10 °s !
exceeds that of 1.1x10°s™' reported’® for
PhCH,CO,T (3) by a factor of 2.6 x 10%, and this large
rate enhancement is strong evidence that the reaction of 7

Copyright © 2003 John Wiley & Sons, Ltd.

occurs with concerted breaking of the N—O and Ph;C—
C bonds leading to the persistent radical Ph;C-. This rate
enhancement may be compared with that of 2.7 x 10° at
25°C for the perester Ph;CCO3;Bu-t compared with
PhCH,CO3;Bu-t, both of which are interpreted as reacting
with concerted cleavage of the C—CO and O—O
bonds.”

The rate constant of 7 at 132°C of 2.20 x 10 °s~" may
be compared with the extrapolated rate constant of
10?s! for Ph;CCOsBu-1, indicating that 7 is less reac-
tive by a factor of 10%. This large difference shows the
influence of the greater bond dissociation energy for an
N—O compared with an O—O bond.

The reaction of 7 in toluene occurs by the same first
step as in Scheme 1, and then the tetramethylpiperidinyl
radical abstracts hydrogen from toluene forming tetra-
methylpiperidine and a benzyl radical. Combination of
the triphenylmethyl and benzyl radicals forms tetraphe-
nylethane [Eqn (8)].

PhyCe
PhCH; +Te PhCH, i PhzCCH,Ph (®)

The ether 12 in the presence of O, results from the
reaction of Ph;C with O, followed by formation of the
peroxide 13 and Wieland rearrangement® by cleavage of
the peroxidic O—O bond with formation of oxyl radicals
14 which undergo phenyl migration from C to O and then
combination (Scheme 2). This process is known to occur
at these temperatures.®® Authentic samples of 12 and 13
were prepared to confirm the identifications.

As noted above, the reaction of PhCH,CO,T (3) at
150 °C occurs with the formation of TEMPO,lb but this
experiment was carried out in the presence of O,, which
could react with initially formed tetramethylpiperidinyl
radicals T- forming TEMPO. This reactivity of 3 and
those of related esters of TEMPOH are under further
investigation.

In summary, DFT calculations predict that homolysis
of N-formyloxy-2,2,6,6-tetramethylpiperidine (HCO,T)
favors cleavage of the N—O bond forming HCO," and T-.
In agreement with this prediction, experimental studies of
Ph3CCO,T (7) show that this reacts by concerted thermal
decomposition at 132—150 °C forming Ph;C", CO, and T,
with a rate constant at 150°C that is 2.6 x 10* times
greater than that of PhCH,CO,T (3).

COMPUTATIONAL STUDIES

Computations were carried out at the B3LYP/6-
311++G**//B3LYP/6-311++G** level using Gaussian

5
Ph,Ce +0, — Ph,CO0+ — Ph.COOCPh,

5 13
ugec M P 15 Fh
13— Ph—G-0* ——> +)—OPh —» PhO—C-C-OPh
Ph P Ph Ph
14 15 12

Scheme 2. Reaction of triphenylmethyl oxygen
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98° with a computer cluster from Velocet Communica-
tions (Toronto, Canada). The calculated energies and
entropies are given in Table 1 and the energy changes
in Table 2.

EXPERIMENTAL

Gas chromatography. GC analysis was carried out using a
flame ionization detector and a Simplicity 5 column (poly-
5% diphenyl-95% dimethylsiloxane). Authentic samples
were used to calibrate the response for quantitative product
analysis.

Preparation of I-hydroxy-2,2,6,6-tetramethylpiperidine
(TOH).* A suspension of TEMPO (1g, 6.4mmol) in a
solution of sodium ascorbate (2.1 g, 10.6 mmol) prepared
from 1.87 g of ascorbic acid and 0.42 g of NaOH in water
(18 ml) was stirred vigorously until completely decolorized
with the appearance of a white precipitate (ca S min). The
resulting suspension was extracted with diethyl ether and
the ether extracts were washed with water and brine, dried
over anhydrous sodium sulfate and evaporated under re-
duced pressure to provide TOH (0.94 g, 94%). '"H NMR
(400 MHz, CDCl3), § 1.20 (s, 12), 1.55 (s, 6). °C NMR
(100MHz, CDCl3), 6 12.1, 34.5, 53.7. IR (pentane),
3590cm ™. EIMS, m/z 157, 156, 142, 109, 83, 69, 55. 'H
NMR (500 MHz, CDCl;, —60°C), 6 1.10 (s, 6), 1.18 (s, 6),
1.40 (m, 4), 1.56 (m, 2), 2.26 (s, 1). °C NMR (500 MHz,
CDCl3, —60°C), ¢ 16.8, 18.9, 32.2, 39.1, 58.7.

N-triphenylacetoxy-2,2,6,6-tetramethylpiperidine (7). Tri-
phenylacetyl chloride (520 mg, 1.7 mmol) prepared from the
reaction of triphenylacetic acid (0.5 g, 1.7 mmol) and oxalyl
chloride (0.36 ml, 4.25 mmol) with 2 drops of DMF was
added to a stirred solution of 1-hydroxy-2,2,6,6-tetramethyl-
piperidine (270 mg, 1.7 mmol) and n-BuLi (1 ml, 1.6 mmol)
in 50ml of CH,Cl,. The reaction mixture was stirred for
20 min and 40 ml of 10% HCI were added. The organic layer
was washed with 3 x 20 ml of brine, dried over MgSQ,, and
concentrated. Column chromatography (silica gel with
CH,Cl,) gave 7 as white crystals, m.p. 139-142°C
(470 mg, 1.2mmol, 65%). "H NMR (100 MHz, CDCl,), 6
0.86 (s, 6, 2CHj3), 0.98 (s, 6, 2CH3), 1.1-1.7 (m, 6, 3 CH,),
7.23-7.34 (m, 15, 3Ph). '3C NMR (100 MHz, CDCly), §
17.4,21.4,32.3,39.9, 60.8, 65.7, 127.0, 127.7, 130.8, 142.7.
IR (CDCl5), 1749 cm™'; (toluene), 1754 cm™'. EIMS, m/z
427 M), 271 M T —TO), 243 (PhC ™), 165, 97, 82, 69,
56. HREIMS, m/z calc. for C,oH34NO,, 428.25899; found,
428.25896.

Products of N-triphenylacetoxy-2,2,6,6-tetramethylpiperi-
dine (7) thermolysis in benzene. A solution of 7 (20 mg,
0.046 mmol) in 1 ml of benzene in a flame-dried ampoule
was degassed by either 15 min of bubbling in N, or by four
freeze—thaw cycles. Duplicate runs were carried out with
each degassing method, with the same results. The am-

Copyright © 2003 John Wiley & Sons, Ltd.

poules were heated for 26 h (for C¢Hg) or 48 h (for C¢Dg)
and the products analyzed by gas chromatography. The runs
in C¢Hg gave PhsCH (82 +3%), tetramethylpiperidine
(92£3%) and Phy,C (9£3%), and runs in CgDg gave
Ph;CH(D) (76 4%, containing 20% D by MS), tetra-
methylpiperidine (93 £3%) and Ph,C (7 =3%). The com-
position of Ph;CD was confirmed by HREIMS: m/z calc.
for C;3H,sD, 245.13095; found, 245.13148.

Products of N-triphenylacetoxy-2,2,6,6-tetramethylpiperi-
dine (7) thermolysis in toluene. A solution of 7 (20 mg,
0.046 mmol) in 1 ml of toluene in a flame-dried ampoule
was degassed by four freeze—thaw cycles and heated for 40 h
at 146 °C. The products were analyzed by gas chromato-
graphy as tetramethylpiperidine (78 = 4%) and Ph;CCH,Ph.
The latter product was isolated in 74% yield and identified
by comparison of its spectral properties with those repor-
ted.®® "H NMR (400 MHz, CDCl5), § 3.96 (s, 2, CH,), 6.64
(d,2,J="17.1Hz, 0-H), 7.0-7.1 (m, 4, m- and p-H), 7.16-7.36
(m, 15, 3Ph). '>C NMR (100 MHz, CDCls), 6 46.5, 58.7,
58.7,126.1, 127.5, 127.8, 128.2, 130.0, 131.4, 142.7, 146.8.
EIMS, m/z333 (M —H), 243 (Ph;C "), 165, 91. HREIMS,
m/z calc. for CyeH, 1, 333.16438; found, 333.16433.

Kinetics of N-triphenylacetoxy-2,2,6,6-tetramethylpiperi-
dine (7) thermolysis. Aliquots (0.2ml) of a solution of 7
(50mg in 5ml of benzene) were sealed in 20 ampoules,
which were divided into two batches that were heated in an
oil-bath. Ampoules were withdrawn at intervals and the
residual substrate was determined from the change in the
integrated IR signal at 1754 cm™"', which was fit to first-
order kinetics. Duplicate runs gave first-order rate constants
of (2.20+0.20) x 10 ®s " at 132.8 °C and (2.88 + 0.80) x
107 s~ " at 150.0°C.

Tetraphenylmethane. Phenylazotriphenylmethane (0.70 g,
2.0 mmol) in 10 ml of benzene was refluxed for 2 h, giving
a dark red solution which changed to yellow on cooling. The
solvent was evaporated and the residue chromatographed
(silica gel, CH,Cl,) to give tetraphenylmethane (0.11g,
10%).5° '"H NMR (400 MHz, CDCls), 6 7.28 (s, 20, 4Ph).
3C NMR (400 MHz, CDCly), § 127.5, 128.2, 128.5, 130.3,
132.7, 147.1. EIMS, m/z 320 (M™"), 243 (Ph;C "), 165,
105. HREIMS, m/z calc. for CpsH,g, 320.15595; found,
320.15650.

Trityl peroxide.**~" Zinc dust (0.5 g, 7.5 mmol) and triphe-
nylmethyl chloride (1 g, 3.6 mmol) in 20 ml of cyclohexane
were stirred for 30 min open to the atmosphere. Filtration
gave solid trityl peroxide (71%), which was recrystallized
from toluene. "H NMR (400 MHz, CDCly), 6 7.24-7.32 (m,
30, 6 Ph). °C NMR (100 MHz, CDCls), § 128.2, 128.3,
128.4, 130.2, 145.7. EIMS, m/z259 (Ph;CO™, 100), 243
(PhsC™, 90), 165, 105, 77; 1it.®¢ 259 (100), 243 (73). Upon
heating melting begins at 110 °C, and 'H NMR shows
partial rearrangement at this point, which is complete on
heating to 190 °C.
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Thermolysis of trityl peroxide: formation of 1,2-diphenoxy-
1,1,2,2-tetraphenylethane.® Trityl peroxide (100 mg, 0.019
mmol) in 5 ml of benzene was degassed under nitrogen for
15min and heated for 6h at 150 °C. The solvent was
evaporated and the product 12 identified by the spectral
properties. '"H NMR (400 MHz, CDCly), 6 7.21-7.33 (m, 20,
4 Ph), 7.49-7.54 (m, 4, m-H), 7.60-7.62 (m 2, p-H), 7.82 (d,
4, J=8.5 Hz, o-H). *C NMR (100 MHz, CDCls), § 127.4,
127.8, 127.9, 128.1, 128.4, 129.8, 130.2, 132.5, 145.3.
EIMS, m/z 260 [Ph,C(OPh)H™", 46], 243 (PhsC ™", 44),
183, 165, 154, 105, 77.

Supplementary material

Rate plots for 7 and a table of computed thermodynamic
properties are available at the epoc website at http://
www.wiley.com/epoc.
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