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The synthesis of N-(benzhydryl-p,p’-d2)-cu,a-diphenyl-p,p’-~~-nitrone (8) is described. Thermal decomposi- 
tions of mixtures of 8 and the undeuterated analogue 9 have been conducted in diethylcarbitol, in tert- butyl alco- 
hol, and in dimethylacetamide. On the basis of mass spectral analyses of the product (benzophenone O-benzhy- 
dryloxime), the extent of intermolecularity in the N to 0 rearrangement has been determined. Solvent effects on 
the partitioning of the radical intermediates is discussed. Evidence is also presented for iminoxy benzhydryl radical 
recombination a t  nitrogen to regenerate nitrone. 

The currently available data2 bearing on the thermal re- 
arrangement of N-benzhydryl-apdiarylnitrones to the cor- 
responding 0-benzhydryloximes indicate that the principal 
mechanistic route involves the formation of iminoxy and 
benzhydryl radicals. In this report we describe the preparation 
of para-tetradeuterated N-benzhydryl-a,a-diphenylnitrone 
(8). Thermal decompositions of mixtures of 8 and the un- 
deuterated analogue 9 are also described. The results allow 
an assessment of the inter- vs. intramolecular partitioning of 
this rearrangement. 

Results 
Syntheses. The synthesis of N-(benzhydryl-p,p’-d2)- 

a,a-diphenyl-p,p’-dcl-nitrone (8) is illustrated in Scheme I. 
The starting trichloride was easily prepared by the acid-cat- 
alyzed alkylation of bromobenzene by chloral h ~ d r a t e , ~  but 
in low (9%) yield. Conversion of the trichloride 1 to 4,4’-di- 
bromodiphenylmethane (2) proceeded in high (85%) yield as 
previously described by Galun, Kaluszyner, and Bergmann.4 
This dibromide was treated with butyllithium in hexane, the 
concentration of which was determined by a double titration 
t e ~ h n i q u e . ~  Adventitious contamination by water during the 
deuterolysis step led to less than complete dideuteration. 
Nonetheless, approximately 93% of theoretical maximum 
deuterium content was introduced into the two para positions. 
The chlorination of 3 proceeded in 74% yield. Conversion of 
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4 to the imine hydrochloride 5 was accomplished in 4090 yield 
using ethyl carbamate.‘j Bromination of 3 provided 6 in 86% 
yield. The alkylation of acetone oxime by 6 and in situ hy- 
drolysis afforded the deuterated N-benzhydrylhydroxylamine 
(7) in 43% yield. Finally, condensation in toluene of 7 and the 
imine liberated from 5 by ammonia provided the desired la- 
beled nitrone 8 in 30% yield. 

Combustion analysis of 8 showed it to  have 17.63 atom % 
excess of deuterium (average of two analyses). Since the the- 
oretical for fully tetradeuterated nitrone is 19.05 atom %, this 
represents 92.5% of complete para deuteration. This is in ex- 
cellent agreement with the value obtained for 3. Thus no 
deuterium was lost in the intervening synthetic steps. The 
mass spectra of 8 (using mass spectra of the undeuterated 
analogue 9 to  correct for naturally occurring isotope contri- 
butions) indicated that 8 was composed of 81.33% tetra-, 
17.56% tri, and 1.11% dideuterated species. 

A sample of the 0-benzhydryl isomer of 8 was prepared by 
heating 8 in the melt a t  180 “C, followed by chromatography 
and crystallization. 

8 
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Crossover Experiments. Mixtures of the deuterated and 
undeuterated nitrones 8 and 9 were decomposed in degassed 
solutions prepared from diethylcarbitol, ter t -  butyl alcohol, 
and N,N-dimethylacetamide. The products were separated 
chromatographically and the isotopic composition of either 
the 0-benzhydryloxime or recovered nitrone was then de- 
termined mass spectroscopically.7 The product analyses for 
these decompositions are summarized in Table I. 

The degree of intramolecularity, a ,  was determined by 
comparing the mole fraction of dideuterated species ( m l e  365) 
found in the 0-ether or nitrone with that expected from a 
purely statistical recombination of benzhydryl and iminoxy 
radicals. The degree of intramolecularity is defined by 

(1) 

where x 3 6 5  is the mole fraction of dideuterated species in the 
isolated nitrone or 0-ether, 0 3 6 5  is the mole fraction of di- 
deuterated species which would be formed from a completely 
statistical recombination of radicals, and c 3 6 5  is the mole 
fraction of dideuterated species in the starting mixture of 
nitrones 8 and 9. The general methods and discussion of ap- 

0 = ( x 3 6 5  - 0 3 6 5 ) / ( c 3 6 5  -- D 3 6 5 )  

0 1978 American Chemical Society 
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Table I. Product Analyses from Decompositions of Mixtures of 8 and 9 a t  144 "C in Several Solvents -- 
Weights of % O-Ether,b Nitrone,c Tetraphenyl- 

Run no. .__ 8 and 9, mg Solvent Vol, m L  reactiona mg mg ethane, mg 

I 10.2, 10.4 DECd 20 99.9 9.8 3.5 
I1 10.2,g.g t -BuOH 20 99.9 17.0 0.2 

I11 10.0, 10.1 DMAe 20 99.9 8.6 3.9 
I v 9.9, 10.1 t -BuOH 20 50 9.8 

- 

Based upon kinetic data. Weight of 0-benzhydryloxxme. Weight of recovered nitrone. Diethylcarbitol. e N,N-Dimethyl- 
acetamide. 

Table 11. Distribution of Ion Species from 0-Benzhydryloximes and Nitrone Isolated from the Decomposition of 
Mixtures of 8 and 9 _______-__- 

Product 
analyzed 363 364 365 366 367 

Fraction of ions with mle 
__ Run no. 

I 0-Ether 0.3397 
0.4977 
0.2477 

11 0-Ether 0.3023 
0.5101 
0.2602 

I11 0-Ether 0.3343 
0.5084 
0.2585 

IV Nitrone 0.3969 
0.4976 
0.2476 

0.0331 
0.0 
0.0494 
0.0387 
0.0 
0.0494 
0.0331 
0.0 
0.0494 
0.0162 
0.0 
0.0494 

0.2862 
0.0058 
0.4530 
0.3710 
0.0054 
0.4528 
0.2806 
0.0055 
0.4528 
0.1846 
0.0056 
0.4530 

0.0626 
0.0882 
0.0450 
0.0534 
0.0860 
0.0428 
0.0652 
0.0863 
0.0431 
0.0727 
0.0882 
0.0450 

0.2784 XC 
0.4085 CC 
0.2048 DC 
0.2346 X 
0.3985 C 
0.1949 D 
0.2869 X 
0.3998 C 
0.1962 D 
0.3297 X 
0.4086 C 
0.2049 D 

0 Corresponds to experiments summarized in Table I. 0-Benzhydryloxime. Values in successive rows opposite X, C, and D cor- 
respond to  fractional distributions calculated for previously defined X,, C,, and D,. 

Table 111. Summary -- of Crossover Experimentsa Corresponding to Total Decompositions of Mixtures of 8 and 9 a t  144 "C 

Total Yield of Yield of Yield of 
Nitrone 0-ether intramol intermol coup 1 in g 

Solvent concn, M b  yield' CY'i 0-ethere 0-etherf productg 

DEC 0.00284 0.476 0.3'73 0.178 0.298 0.37 
t -BuOH 0.00276 0.846 0.183 0.155 0.691 0.02 
DMA' 0.00278 0.426 0.385 0.164 0.262 0.42 

Based upon data in Tables I and 11. Initial concentration of the mixture. c Fraction of nitrone converted to benzophenone 0-  
benzhydryloxime. Degree of intramolecularity in N to 0 rearrangement. e Fraction of nitrone converted to 0-ether by an intramolecular 
process; equal to product of total 0-ether yield and CY. f Difference between total 0-ether yield and the intramolecular 0-ether yield. 
g Fraction of nitrone converted to 1,1,2,2-tetraphenylethane based upon 1 mol of tetraphenylethane from 2 mol of nitrone. Diethyl- 
carbitol. N,N-Dimethblacetamide. 

proximations for obtaining such values from mass spectral 
intensities have been d.escribed by Biemann.s Mass spectra 
of undeuterated nitrone and 0-ether were used to correct mass 
spectral intensities of isotopically labeled samples for isotopic 
natural abundances. The value of a is the fraction of the 0- 
benzhydryloxime product or the fraction of recovered nitrone 
which is not formed b,y a statistical recombination of ben- 
zhydryl and iminoxy radicals. In the case of the reisolation of 
unrearranged nitrone, the magnitude of a is influenced by the 
fact that a portion of the nitrone never undergoes homoly- 
sis. 

The value of CY can theoretically be calculated from the 
equation 

for any value of m in the range of 363-367. However, IX,, - 
D ,  I and I C, - D, I h,nve the largest values for m = 365.9 

The distribution of ion species derived from products (ni- 
trone or 0-ether) shown in Table I are presented in Table 11. 
Necessary control experiments (employing mass spectral 
analyses) with nitrones and 0-ethers of known isotopic com- 
position demonstrated that neither isotopic scrambling nor 
structural isomerization occur during the isolation and sep- 

arations following partial or total decompositions of nitrone 
mixtures. 

The intra- vs. intermolecularity of the N to 0 rearrange- 
ments under conditions effecting total decompositions of ni- 
trones is given in Table 111. 

Discussion 
The data and data summary in Tables 1-111 demonstrate 

that  in all solvents employed, the major portion of benzo- 
phenone 0 -benzhydryloxime from rearrangement of nitrone 
is formed via an intermolecular process. Thus, in diethylcar- 
bitol62.5% of the 0-ether isolated is produced intermolecu- 
larly; in dimethylacetamide the corresponding value is 68.1%, 
and in tert-butyl alcohol it is 81.7%. 

The substantial intermolecularity of the N to 0 rear- 
rangement together with the isolation of tetraphenylethane 
in each case provide evidence for the initial formation of 
benzhydryl and iminoxy radicals from homolysis of the ni- 
trone C-N bond. 

The fraction of nitrone converted to 0-benzhydryloxime 
by an intermolecular process is clearly solvent dependent.1° 
By contrast, the fraction of nitrone converted to O-benzhy- 
dryloxime via an intramolecular route is nearly independent 
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of the nature of the solvent (at least a t  this elevated temper- 
ature of 144 "C), the value being 16.5 & 1%. These results can 
be explained in terms of the behavior of the radical pair ini- 
tially formed in these solvents. The options available to  the 
radical pair are outlined (using undeuterated structures for 
simplicity) in Scheme 11. The radical pair, 11, is initially 
formed via C- N homolysis within a solvent cage. This caged 
pair of radicals can collapse to 0-benzhydryloxime (giving 
intramolecularly formed 14) before they diffuse ( k d )  and be- 
come free radicals or they can recombine at  nitrogen, regen- 
erating nitrone. The fraction of radical pairs that eventually 
collapse to the cage product, 14, prior to diffusion, is nearly 
identical in the three solvents at this elevated temperature.'l 
The bulk of the remaining radical pairs, 11, are converted to 
free radicals. The free benzhydryl and iminoxy radicals thus 
formed by the diffusion process can recombine at  oxygen to 
form "intermolecular 0-ether" or at nitrogen. That the latter 
as well as the former occurs can be deduced from the data in 
Table 11, wherein reisolated nitrone was analyzed mass 
spectrometrically after 50% decomposition. Using eq 1, a is 
found to be 0.60. The coupling of benzhydryl radicals to form 
tetraphenylet hane and the abstraction of hydrogen atoms 
from the solvent13 (primarily by iminoxy radicals to form 
benzophenone oxime) are, however, processes which compete 
with the bimolecular recombination of these two free radicals. 
The hydrogen atom donating abilities of the three solvents are 
reflected in the yield of benzophenone oxime. Under condi- 
tions comparable to those employed for the crossover studies, 
the yields of benzophenone oxime in diethylcarbitol and in 
DMA were 22 and 27%, respectively; in tert-  butyl alcohol, the 
yield was virtually ze10.l~ Thus the diminished yields of in- 
termolecularly formed 0 -benzhydryloxime in diethylcarbitol 
and in DMA is a result of extensive destruction of free iminoxy 
radicals via hydrogen-atom transfer from the solvents. 

The crossover experiments discussed above show that free 
benzhydryl and iminoxy radicals are generated to a major 
extent during the decomposition of N-benzhydryl-a,a-di- 
phenylnitrone. The intramolecularly formed rearrangement 
product presumably originates from cage recombination of 
the radical pair a t  oxygen, an irreversible process at the op- 
erating temperature.*aac The possibility that a small amount 
of this product is formed by way of a fully concerted mecha- 
nismI5 cannot be excluded. In this regard it is interesting to 
note the following. Nitrone 16 has been decomposed in a so- 

lution of hexachlorobutadiene a t  200 "CZd During the de- 
composition, CIDNP (emission) was observed for the ben- 
zhydryl proton of the rearrangement product 17, formed in 

16 17 
52% yield. Thus, caged radical recombination is implicated 
during the thermolysis of this nitrone, which is closely related 
to the substrate in the present study. 

A full report describing the kinetic partitioning of processes 
available to the benzhydryl-iminoxy radical pair, 11, will be 
published at  a later time. 

Experimental  Section16 
l,l-Bis(4-bromophenyl)-2,2,2-trichloroethane ( 1 ) 3  was con- 

verted to 4,4'-dibromodiphenylmethane (2) by a previously de- 
scribed m e t h ~ d . ~  

Diphenylmethane-4,4'-dz (3) was prepared from 4,l'-dibromo- 
diphenylmethane via a metal-halogen exchange (using butyllithium) 
followed by deuterolysis. A 96.0-g (0.295 mol) sample of the dibromide 
in 1500 mL of anhydrous ether was treated with 320 mL of a 1.68 M 
solution (0.538 mol) of butyllithium in hexane over a period of 30 min. 
The reaction was carried out under an atmosphere of nitrogen while 
stirring the mixture continuously. Following an additional 25-min 
period of stirring, an excess of 99.5 mol % pure deuterium oxide was 
added dropwise with cooling and stirring. The reaction mixture was 
filtered and concentrated to  about 100 mL. The concentrate was then 
distilled affording 36.4 g (79.6%) of 3, bp 146-157 "C (27-30 mm). This 
product was combined with 5.8 g of 3 similarly obtained and redistilled 
to give 36.1 g of 3 as a colorless liquid, bp 105-108 "C (3.3 mm). Di- 
phenylmethane reportedly distills a t  149 "C (29 mm).17 The NMR 
spectrum (CC14) is as follows: 6 3.90 (s, 2 H, CH2) and 7.12 (m, -8 H ,  
aromatic). Duplicate combustion analyses of the product indicated 
15.45 and 15.55 atom % excess D (theoretical for fully dideuterated 
diphenylmethane is 16.67%). 
Dichlorodiphenylmethane-4,4'-d~ (4). A mixture of 18.2 g (0.107 

mol) of dideuteriodiphenylmethane, 35 mL (0.433 mol) of freshly 
distilled sulfuryl chloride, and 1.4 mL (0.016 mol) of phosphorus tri- 
chloride was placed in a 250-mL quartz flask equipped with a con- 
denser and acidic gas trap. The mixture was placed in a Rayonet 
photochemical reactor fitted with 253.7-nm lamps. The solution was 
stirred and irradiated for 40 h a t  about 70 "C. The reaction mixture 
was distilled affording 18.8 g (74%) of a light-yellow liquid, bp 138-145 
"C (2.4 mm). Dichlorodiphenylmethane reportedly distills at  164-167 
"C (12 mm).lS The IR spectrum (neat) showed the C-D stretches a t  
2260 and 2280 cm-'. The NMR spectrum (CC14) showed only a 
symmetrical multiplet a t  6 7.40. 

Benzophenone Imine-4,4'-dz hydrochloride ( 5 )  was prepared 
from 4 using a method previously described for the undeuterated 
ana l0g~e . l~  The crude hydrochloride was purified by sublimation [ 185 
"C (1 mm)]. The white crystalline product was obtained in 40% yield 
and used directly as described below. 
Bromodiphenylmethane-4,4'-d2 (6) was prepared by bromi- 

nating 3 as described for the undeuterated analogue.20 The product 
(obtained in 86% yield) distilled as a yellow liquid, bp 135-145 "C (0.9 
mm). Bromodiphenylmethane distills a t  183 "C (23 mm).7 The in- 
frared spectrum (neat) showed C-D stretches a t  2260 and 2280 cm-'. 
The NMR spectrum (CC14) was as follows: 6 6.17 (s, 1 H,  CBrH) and 
7.42 (m, -8 H, aromatic). 
N-Benzhydrylhydroxylamine-4,4'-dz (7)  was prepared from 

6 as described for the undeuterated analogue.?' The colorless product 
(obtained in 43% yield) crystallized from cyclohexane, rnp 76.5-77.5 
"C. The reported2I melting point of the undeuterated compound is 
75 "C. 
N-(Benzhydryl-p,p'-d2)-a,a-diphenyl-p,pf-dz-nitrone (8) was 

prepared by condensing 0.031 mol of 5 and 0.031 mol of 7 in 57 mL of 
toluene essentially as described for the undeuterated nitrone.6a The 
crude oily solid product mixture was dissolved in 85 mL of hot ethanol. 
The pale yellow crystalline product (6.8 g) was collected and dried, 
mp 157-165 "C. This material was further purified by chromatogra- 
phy on Florid.  In a typical purification, 2 .21  g of crude product was 
chromatographed on a 3.4 X 19 cm column ofFlorisil(75 9). Hexane 
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through benzene-hexane (1:4) eluted 0.220 g of deuterated benzo- 
phenone N-benzhydrylimine.22 Benzene-hexane (3:2) eluted 0.460 
g of nitrone contaminated with the N-benzhydrylimine and a yellow 
substance, and benzene.-hexane (4:l) eluted 0.246 g of slightly dis- 
colored nitrone. Pure nitrone was eluted as a white solid (1.255 g) by 
benzene and benzene-ether (19:l). Colorless fractions of nitrone thus 
obtained were recrystallized twice from absolute ethanol, affording 
3.44 g (30.4%) of 8, mp 167-169 "C. The reported melting point of the 
undeuterated nitrone is 165-167 OC.15 The important spectral features 
of 8 are as follows: IR (KBr) 2280 (C-D stretch) and 1220 cm-' (N + 

0); NMR (CDC13) d 6.45 (s, 1 H, benzhydryl C-H), 7.33 (m, -14 H, 
aromatic), and 8.08 (d, $! H ,  o-H of a-phenyl ring cis to oxygen). 

Combustion analyses of #8 indicated 17.60 and 17.65 atom % excess 
D (theoretical for fully tetr,adeuterated nitrone is 19.05 atom %). The 
mass spectrum (19 eV) of 8 shows peaks at  mle 365,366,367,368, and 
369. No peaks were present between the parent ion region ( m l e  
363-3671 and the region mle 347-351 which corresponds to the loss 
of oxygen. Corrections f ix  natural isotope contributions by compar- 
ison with an undeuterated sample (possessing peaks a t  mle 363,364, 
and 365) were made. The calculated distribution (average of three 
spectra) of deuterated sipecies in 8 was thus found to be 1.11% di-, 
17.56% tri-, and 81.33% tetradeuterated (all rtO.ll%). The atom % 
excess D calculated from the mass spectral data is 18.11. 

Benzophenone-p,p',-d:, 0-(Benzhydryl-p,p'-dz)oxime (10). 
A 67-mg sample of the deuterated nitrone was heated in an evacuated 
tube a t  180 "C for 1.8 h. The product mixture was chromatographed 
twice over columns (-1 X 7 cm) of alumina. Hexane-benzene (4:l)  
eluted a colorless oil which crystallized from absolute ethanol, ,3f- 
fording 50 mg (75%) of 10 as a white solid, mp 101.5-103.5 "C. The 
reported melting point, of the undeuterated analogue is 101.5-102 
OC.15 Hexane-benzene (49:l) and ether also eluted 4 and 6 mg, :re- 
spectively, of deuterated tetraphenylethane and benzophenone 
oxime. 

The important spectral features of 10 are as follows: IR (KBr) 2260 
and 2290 cm-' (C-D stretch); NMR (CDC13) 6 5.55 (s, 1 H, benzhydryl 
C-H), 7.32 (m, -16 H,  aromatic). The mass spectrum (17 eV) of 10 
showed peaks a t  m/e 365,366,367,368, and 369 in the parent ion re- 
gion. The calculated dktribution (average of three spectra) of deu- 
terated species in 10 was 1.07% di-. 17.85% tri-, and 81.08% teka-  
deuterated (all f0.100/). 

Crossover Experiments. Approximately equimolar amounts of 
deuterated and undeuterat'ad nitrones (typically about 10 mg of each) 
were weighed into Pyrex tubes. The appropriate solvent (freshly 
distilled) was added with ti pipet. The solutions were then degassed 
and sealed under vacuum. The tubes were heated in a constant tem- 
perature bath at  144 f 0.1 "C. After a time required for 99.9% reaction, 
the 0-benzhydryloxime product was isolated quantitatively by 
chromatography on alumina. Hexane-benzene (4:l) eluted this 
product. Mass spectral analyses were then used to determine the 
extent of crossover. In the decomposition corresponding to 50% dis- 
appearance of nitrone, it was necessary to  first chromatograph the 
decomposition mixture on Florisil in order to isolate the undecom- 
posed nitrone which is unr,table on alumina. 
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