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Alkylation-Reduction of Carbonyl Systems. IVV. The Convenient and

Selective Synthesis of Simple and Complex Aromatic Hydrocarbons by

Phenylation-Reduction of Aldehydes and Ketones

Stan S. Hall* and Frank J. McEnroe

Carl A. Olson Memorial Laboratories, Department of Chemistry, Rutgers University, Newark, New Jersey 07102

Received August 8, 1974

Simple and complex aromatic hydrocarbons are conveniently prepared from aldehydes and ketones by tan-
dem phenylation-reduction. By this procedure benzyl alkoxides, generated in situ by phenylation, are reduced by
lithium-ammonia-ammonium chloride to the corresponding aromatic hydrocarbons. Complex aldehydes and ke-
tones, containing structural features or other functional groups which might not be compatible with the reaction
conditions, were subjected to the phenylation-reduction sequence to explore the limits of this simple synthetic
procedure as an efficient and selective synthesis of rather complex molecular structures. These structural features
or functional groups included steric hindrance, terminal olefins, isolated double bonds, a,/?-unsaturated carbonyl
systems, an a,/37,5-unsaturated ketone system, a,/3-unsaturated aldehyde systems containing isolated double
bonds, a cross-conjugated ketone, a cyclopropane ring, aromatic systems, and heterocycles.

This laboratory innovated the concept of tandem alkyla-
tion-reduction of aromatic carbonyl systems as a conve-
nient method of preparing aromatic hydrocarbons by the
lithium-ammonia reduction of benzyl alkoxides generated
in situ by alkylation.1 The mechanistic and selective syn-
thetic utility of the procedure was then demonstrated for
the synthesis of aromatic hydrocarbons and alcohols by the
alkylation-reduction of benzylidene ketones and al-
dehydes.2 Herein we report the extension of this conve-
nient procedure for the selective synthesis of simple and
complex aromatic hydrocarbons in excellent isolated yields
by the phenylation-reduction of appropriate aldehydes and
ketones.

The general procedure, which is carried out in the same
reaction vessel and consumes only a few hours, is to gener-
ate a benzyl alkoxide in a metal-ammonia reaction vessel3
by the addition of the aldehyde or ketone to phenyllithium,
prepared in situ from bromobenzene and excess lithium, in
ether. Ammonia is subsequently distilled into the vessel,
and then the resulting dark blue mixture is cautiously
guenched with ammonium chloride.4

The primary objective of this study, after first demon-
strating the feasibility of the procedure with simple al-
dehydes and ketones, was to test the method using al-
dehydes and ketones containing structural features or
functional groups which may or may not be compatible
with the conditions. By so doing, we would explore the pos-
sible limits of this simple synthetic procedure as a selective
method of preparing complex aromatic hydrocarbons

271

which might be difficult to elaborate by conventional
methods.

Table I contains a listing of the aldehydes and ketones
that were subjected to this procedure. The carbonyl com-
pounds were carefully selected to include the following
structural features or functional groups: steric hindrance,5
terminal olefins,6 isolated double bonds, a,/?-unsaturated
carbonyl systems, an n,/3,7 ,5-unsaturated ketone system (a
1,3-diene system7 after phenylation-reduction), a,/3-unsat-
urated aldehyde systems containing isolated double bonds
(one of which is a 1,4-diene system8 after phenylation-re-
duction), a cross-conjugated ketone, a cyclopropane ring,9
aromatic systems,10 and heterocycles9'11—features and
groups that might interfere with or be vulnerable to these
metal-ammonia conditions.

Careful inspection of the products listed in Table I re-
veals that almost all of these structural features or func-
tional groups were compatible with the conditions of the
procedure. The only carbonyl compound that resisted re-
duction, after phenylation, was menthone (3), which is
probably due to steric interactions.512 An example of over-
cohol,13a 1,3-diene system still remains which is vulnerable
and reduces, as one would predict,7 by 1,2-addition to the
less substituted double bond. The phenylation-reduction
of two n,/?-unsaturated ketones, piperitone (7) and 4-cyclo-
hexyl-irans-3-buten-2-one (8), led to mixtures of the cor-
responding olefin and aromatic hydrocarbon, a result
hexyl-frarcs-3-buten-2-one (8), led to mixtures of the corre-
sponding olefin and aromatic hydrocarbon, a result which
did not change substantially by varying the amount of lith-
ium used for the reduction step. The only carbonyl com-
pound found to be completely incompatible with the reduc-
tive conditions was methyl 2-thienyl ketone. Phenylation-
reduction of this ketone, which is not included in Table I,
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Table |
Phenylation-Reduction of Aldehydes and Ketones

(—% Yield—\
Phenylation-reduction  Analy-  Iso-
Carbonyl compd proolct

© D

ticala lateds Conrents Carboryl compd

(—% Yield—
Prenylation-reduction Analy-  Iso-
product tica?él latedb Conmrents

° Analyzed by glpc (% of volatiles). blsolated by column chromatography. CThe phénylation step was performed at ca. -78°.d This result
was not altered by using an enormous excess of lithium (560 mg, 80 mg-atoms).c Using the normal amount of lithium (280 mg, 40 mg-atoms)
or a large excess (560 mg, 80 mg-atoms) yielded an aromatic hydrocarbon fraction (83%) and 3-phenyl-l-p-menthen-3-ol (17%). The
aromatic hydrocarbon fraction was an inseparable mixture (60:40) of 3-phenyl-I-p-methene (27a) and 3-phenyl-p-menthane (27b). Less
lithium (140 mg, 20 mg-atoms) yielded the same aromatic hydrocarbon mixture (30%) and 3-phenyl-I-p-menthen-3-o0l (70%). 1The use of
various amounts of lithium (140 mg, 20 mg-atoms; 280 mg, 40 mg-atoms; 420 mg, 60 mg-atoms; or 560 mg, 80 mg-atoms) yielded the same
product 28 which was an inseparable mixture (65:35) of I-cyclohexyl-3-phenyl-frans-lI-butene (28a) and I-cyclohexyl-3-phenylbutane (28b).
eUsing the normal amount of lithium (280 mg, 40 mg-atoms) yielded a mixture (30:70) of 1-(2,6,6-trimethyl-l-cyclohexen-I-yl)-3-phenyl-
trans-1-butene and 29. Less lithium (140 mg, 20 mg-atoms) resulted in the above mixture (60%) as well as the alcohol 41 (40%). Excess
lithium (420 mg, 60 mg-atoms) led to 29 exclusively. hThe aldehyde was a commercial sample of citral.

led to a complex mixture which was difficult to purify and
characterize, but the data on the crude product material
did indicate that the thiophene ring was being des-
troyed. llb-e

The yields, analytical (glpc) and isolated (column chro-
matography), listed in Table | are impressive. Generally,
the only side product of the sequence is the benzyl alcohol
which seems to result when the intermediate benzyl alkox-
ide is splattered on the walls of the reaction vessel and is
not in solution during the quench. The contaminant benzyl
alcohol, when present, is efficiently removed by column

chromatography. In a few examples minor products were
detected which stemmed from the phenylation step; these
side reactions were effectively minimized by performing
this operation at low temperaturel4 (ca. —78°) and are
noted in Table I.

Perhaps the most interesting mechanistic implications of
this study are those involving the phenylation-reduction of
the a”-unsaturated carbonyl compounds. With these sys-
tems the reduction of the intermediate benzyl alkoxide 42
(see Scheme Il).must proceed through the anion 43 which
in almost every example protonates exclusively at the ben-
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zylic position, trapping anion 43a, yielding the olefin 44.
The net result is the selective introduction of a double
bond 3 to an aromatic ring, a difficult task using classical
methods. Only in two examples, 7 and 8, does some proton-
ation of anion 43b occur yielding the styrene 45 which
would be rapidly reducedl5 to the aromatic hydrocarbon
46.

As a result of this study it appears that phenylation-re-
duction is a uniquely viable procedure for the efficient and
selective synthesis of rather complex aromatic hydrocar-
bons. By the proper selection of the requisite carbonyl sys-
tem, challenging organic structures can be rapidly assem-
bled.
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Experimental Section16

General Comments. The entire reaction sequence was per-
formed under a static prepurified nitrogen atmosphere which is
connected by a T tube to the assembly and to a soda-lime drying
trap (then on to an oil bubbler). All glassware was oven-dried,
cooled to room temperature in a large box desiccator, and then
quickly assembled. Phenyllithium was generated in situ in the
metal-ammonia reaction vessel3 from bromobenzene and lithium
in ether. Anhydrous ether was used directly from freshly opened
containers. Lithium wire (0.125 in., 0.01% Na, Ventron Corp.) was
hammered to a foil, cut into small pieces, and rinsed in petroleum
ether just prior to use. Anhydrous ammonia was distilled into the
reaction vessel. Gas chromatographic analyses (glpc) were per-
formed on a Hewlett-Packard Model 7610A high-efficiency chro-
matograph (flame detector) using a 4 ft X 6 mm (all glass) 4% sili-
cone gum rubber 7JCC-W-982 (methylvinyl) on 80-100 HP Chro-
mosorb W (AW, DMCS) column. Purification of the product by
column chromatography was accomplished on Woelm neutral alu-
minum oxide (activity grade | or Il) by elution with petroleum
ether. Further purification, sometimes necessary for satisfactory
elemental analyses, was accomplished using a Buchi kugelrohr
bulb-to-bulb distillation apparatus at reduced pressure. All boiling
points are uncorrected. The assigned structure of each product is
consistent with the spectral data and composition analysis. The
phenylation-reduction of 3-heptanone (1) is described, in detail, to
illustrate the general procedure.

Phenylation-Reduction of 3-Heptanone (1). 3-Phenylhep-
tane (21). Into a metal-ammonia reaction vessel3 containing a
stirred mixture of 280 mg of lithium (40 mg-atoms, ca. 25 pieces
which had been hammered to a foil) in 10 ml of anhydrous ether
was slowly added a solution of 790 mg (5.0 mmol) of bromobenzene
in 7 ml of ether. After 1 hr a solution of 285 mg (2.5 mmol) of 3-
heptanone (1) in 8 ml of ether was slowly added and the mixture
was stirred for an additional 1 hr. Ammonia (ca. 25 ml) was care-
fully, to prevent excessive splattering, distilled into the mixture
and, once the dark blue color of the mixture was established,17 ca.
3 g of ammonium chloride was cautiously addedi8 (ca. 5 min) to
discharge the blue color and the ammonia was allowed to evapo-
rate. After the residue had been partitioned between aqueous
NaCl and ether, the organic phase was dried (MgS04), filtered,
concentrated at water aspirator pressure at 40-50°, and then ana-
lyzed (glpc). Following column chromatography 422 mg (96%) of
3-phenylheptane (21) was obtained as a colorless oil: bp 69-71°
(1.2 mm); ir (film) 3030, 2960, 2930, 1450, and 690 cm-1; nmr (60
MHz, CC14) $7.37-6.84 (5 H, m), 2.61-2.09 (1 H, m), 1.88-1.35 (4
H, m), 1.35-0.99 (4 H, m), and two overlapping perturbed triplets
centered at 0.82 3 H, t,J = 7Hz) and 0.73 B3 H, t, J =7 Hz);
mass spectrum mie (relative intensity) 176 (M+, 13), 147 (20), 119
(30), 105 (8), 91 (100), and 77 (5).

Anal. Calcd for C13H20: C, 88.57; H, 11.43. Found: C, 88.31; H,
11.37.

2- Phenyloctane (22). Treatment of 2-octanone (2) as described

above yielded 22 (88%) as a colorless oil: ir (film) 3030, 2960, 2930,
1450, and 695 cm-1; nmr (60 MHz, cc14) s 7.18 (5 H, apparent s),
2.66 (1 H, apparent sextet, J =7 Hz), 1.83-1.38 (2 H, m), adoublet
centered at 1.22 (3 H, d, J =7 Hz) superimposed on an apparent
broad singlet with fine splitting centered at 1.24 (8 H, broad s),
and a perturbed triplet centered at 0.87 (3 H, t); mass spectrum
m/e (relative intensity) 190 (M+, 9), 175 (10), 105 (100), 91 (13), 77
(6), and 43 (6).

Anal. Calcd for Ci4dH22 C, 88.35; H, 11.65. Found: C, 88.29; H,
11.49.

3- Phenyl-p-menth-3-ol (23). Treatment of menthone (3) as

described above, except that the phenylation step was run at ca.
-78°, yielded 23 (99%) as a colorless oil: bp 97-98° (1.2 mm); ir
(CC14) 3625, 3500, 3035, 2925, 1600, 1490, 1445, and 690 cmr1, nmr
(60 MHz, CDCls) &7.58-7.11 (5 H, m), 2.22-1.82 (1 H, m), 1.82-
1. 46 (7 H, m) on which is superimposed two broad singlets (which
disappear when D20 is added) centered at 1.60 (0.66 H, -OH) and
1.46 (0.34 H, -OH) which represent two geometric isomers, an ap-
parent triplet centered at 1.28 (1 H, t, J = 7 Hz), and a complex set
of lines from 0.97 to 0.62 (9 H, m) which appears to be three major
overlapping doublets («7=7 Hz) and three minor overlapping dou-
blets (<7 = 7 Hz) representing two geometric isomers present in a
ratio of about 2:1; mass spectrum m/e (relative intensity) 232 (M+,
26), 217 (2), 214 (2), 147 (100), 120 (12), 105 (18), 91 (6), 77 (9), and
41 (9).

AEn)aI. Calcd for C,6H240: C, 82.70; H, 10.41. Found: C, 82.77; H,
10.37.
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5-Phenyl-I-hexene (24). Treatment of 5-hexen-2-one (4) as de-
scribed above yielded 24 (94%) as a colorless oil: ir (film) 3070,
3030, 2960, 2930, 1642, 1603, 1492, 1450, 985, 900, 750, and 690
cm-1; nmr (60 MHz, CC14) 57.20 (5 H, apparent s), 6.18-5.48 (1 H,
m), 5.18-4.97 (1 H, m), 4.92-4.75 (1 H, m), 2.72 (1 H, apparent sex-
tet, J = 7 Hz), 2.20-1.52 (4 H, m), and 1.23 3 H, d, J = 7 Hz);
mass spectrum m/e (relative intensity) 160 (M+, 7), 145 (5), 118
(58), 105 (100), 91 (31), and 77 (13).

Anal. Calcd for C12H 16 C, 89.94; H, 10.06. Found: C, 89.79; H,
10.34.

2- Methyl-6-phenyl-2-heptene (25). Treatment of 6-methyl-

5-hepten-2-one (5) as described above yielded 25 (90%) as a color-
less oil: ir (film) 3030, 2960, 2930, 1600, 1495, 1450, 750, and 690
cm-1; nmr (60 MHz, CC14) 57.21 (5 H, apparent s), 5.30-4.92 (1 H,
m), 2.69 (1 H, apparent q, J = 7 Hz), a broad singlet at 1.68 (3 H,
s) superimposed on a broad multiplet at 2.15-1.58 (4 H, m), 1.51 (3
H, broad s), and 1.23 (3 H, d,J =7 Hz); mass spectrum m/e (rela-
tive intensity) 188 (M+, 65), 118 (100), 105 (93), 91 (47), 77 (14), 69
(17), 55 (23), and 41 (26).

Anal. Calcd for C14H20: C, 39.29; H, 10.71. Found: C, 88.98; H,
10.66.

3- Phenyl-4(8)-p-menthene (26). Treatment of (-I-)-pulegone

(6) as described above yielded 26 (85%) as a colorless oil: ir (film)
3070, 3035, 2925, 1603, 1490, 1450, and 690 cm '1; nmr (100 MHz,
CDCI3) d 7.37-6.98 (5 H, m), 4.13-4.00 (0.3 H, m Ph-Ctf-, equa-
torial proton), 3.84-3.60 (0.7 H, m, Ph-CH- axial proton), ca.
2.60-2.10 (2 H, complex m), ca. 2.10-1.10 (5 H, complex m) on
which are superimposed three sharp singlets at 1.73, 1.72, and 1.71
(3 H, CH3C =, configurational and conformational isomers), and
three sharp singlets at 1.45, 1.44, and 1.42 (3 H, CH3C =, configu-
rational and conformational isomers), and 0.86 (3 H, d, J = 55
Hz); mass spectrum m/e (relative intensity) 214 (M+, 100), 199
(42), 171 (35), 157 (16), 143 (47), 129 (29), 115 (14), 91 (30), and 77
(8).

Anal. Calcd for C16H22 C, 89.65; H, 10.35. Found: C, 89.39; H,
10.20.

Mixture 27. 3-Phenyl-lI-p-menthene (27a) and 3-Phenyl-p-
menthane (27b). Treatment of piperitone (7) as described above,
except that the phenylation step was run at ca. —78°, yielded 27
(78%) as a colorless oil: bp 120-121° (1.2 mm). Careful analysis of
the 100-MHz nmr spectrum of this oil indicated that it was a 60:40
mixture of 3-phenyl-lI-p-menthene (27a) and 3-phenyl-p-men-
thane (27b). The mass spectrum confirmed this conclusion. The
mixture, which indicated one peak by glpc analysis, could not be
separated by column chromatography or distillation. The third
product of this reaction was 3-phenyl-I-p- menthen-3-ol (17%).
The above results were not altered by using an enormous excess of
lithium (560 mg, 80 mg-atoms). Less lithium (140 mg, 20 mg-
atoms) yielded the mixture 27 (30%) and the above alcohol (70%).

Mixture 28. I-Cyclohexyl-3-phenyl-trans-l-butene (28a)
and I-Cyclohexyl-3-phenylbutane (28b). Treatment of 4-cyclo-
hexyl-trans- 3-buten-2-one (8) as described above yielded 28 (94%)
as a colorless oil: bp 95-97° (1.1 mm). Careful analysis of the 60-
MHz nmr spectrum of this oil indicated that it was a 65:35 mixture
of I-cyclohexyl-3-phenyl-frares-1-butene (28a) and 1-cyclohexyl-
3-phenylbutane (28b), which was confirmed by the mass spec-
trum. The mixture, which indicated one peak by glpc analysis,
could not be separated by column chromatography or distillation.
Various quantities of lithium (140 mg, 20 mg-atoms; 420 mg, 60
mg-atoms; or 560 mg, 80 mg-atoms) did not alter the above result.

1-(2,6,6-Trimethyl-1-cyclohexen-1-yl)-3-phenylbutane
(29). Treatment of /J-ionone (9) as described above, except that ex-
cess lithium (420 mg, 60 mg-atoms) was used to avoid a mixture of
29 and 1-(2,6,6-trimethyl-lI-cyclohexen-I-yl)-3-phenyl-trans-1-
butene, yielded 29 (98%) as a colorless oil: bp 95-98° (1.2 mm), ir
(film) 3070, 3035, 2930, 1605, 1495, 1450, 755, and 690 cm*“ 1, nmr
(60 MHz, CCl4) d7.21 (5 H, apparent s), 2.98-2.34 (1 H, apparent
sextet, J = 7 Hz), and two broad multiplets from ca. 2.10 to 1.60
(6 H, m) and from ca. 1.60 to 1.20 (4 H, m) on which are superim-
posed a singlet at 1.48 (3 H, s) and a doublet at 1.27 (3 H, d), and
0.91 (6 H, s); mass spectrum m/e (relative intensity) 256 (M+, 12),
241 (5), 123 (100), 118 (92), 105 (34), 95 (27), 91 (23), 81 (32), and
41 (25).

Anal. Calcd for Cio9H28 C, 88.99; H, 11.01. Found: C, 88.96; H,
11.07.

2,6-Dimethyl-4-phenyl-2,5-heptadiene (30). Treatment of
phorone (10) as described above yielded 30 (93%) as a colorless oil:
bp 80-84° (1.2 mm), ir (film) 3070, 3030, 2975, 2925, 2730, 1600,
1488, 1445, 870, 730, and 690 cm*“ 1, nmr (60 MHz, CC14) 57.09 (5
H, apparent s), 5.21 (2 H, d, J =9 Hz, with fine splitting of ca. 1.2
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Hz), 430 (1 H, t, J = 9 Hz), and four overlapping singlets at 1.73
(3 H, s), 1.72 (3 H, perturbed s), 1.70 (3 H, s), and 1.69 (3 H, per-
turbed s); mass spectrum m/e (relative intensity) 200 (M+, 100),
185 (68), 157 (65), 145 (48), 143 (68), 129 (34), and 91 (37).

Anal. Calcd for C15H20 C, 89.94; H, 10.06. Found: C, 89.95; H,
10.01.

1-Cyclopropyl-l-phenylethane (31). Treatment of cyclopro-
pyl methyl ketone (11) as described above yielded 31 (91%) as a
colorless oil: bp 119-121° (760 mm); ir (film) 3080, 3035, 3010,
2970, 2930, 2880, 1605, 1490, 1450, 1015, 810, 750, and 690 cm*“ 1
nmr (220 MHz, CCI4, with and without TMS) §7.25-7.00 (5 H, m),
1. 95 (1 H, quintet, J = 7 Hz), 1.32 (3H, d,J = 7 Hz), 1.02-0.73 (1
H, m), 0.61-0.30 (2 H, m), and 0.25-0.02 (2 H, m); mass spectrum
m/e (relative intensity) 146 (M+, 27), 131 (31), 118 (98), 117 (76),
105 (100), 91 (70), 77 (42), 51 (34), and 39 (42).

Anal. Calcd for C11H14 C, 90.35; H, 9.65. Found: C, 90.26; H,
9.71.

1-Phenylundecane (32). Treatment of 1-undecanal (12) as de-
scribed above yielded 32 (91%) as a colorless oil: bp 92-94° (1.1
mm); ir (film) 3035, 2970, 2930, 2860, 1455, and 690 cm*“ 1, nmr (60
MHz, CCI4) 57.08 (5 H, apparent s), 2.55 (2 H, perturbed t,J =1
Hz), 1.9-1.4 (2 H, m), 1.27 (16 H, broad s), and 0.89 (3 H, per-
turbed t); mass spectrum m/e (relative intensity) 232 (M+, 8), 92
(50), 91 (100), 69 (62), 55 (34), 43 (42), and 41 (53).

Anal. Calcd for Ci7TH28: C, 87.86; H, 12.14. Found: C, 87.86; H,
12.07.

1- Phenyl-2-methylpentane (33). Treatment of 2-methyl-I-

pentanal (13) as described above yielded 33 (83%) as a colorless oil:
bp 60-62° (1.2 mm); ir (film) 3035, 2960, 2930, 2880, 1604, 1495,
1450, 720, and 690 cm-1; nmr (60 MHz, CCl14) d7.09 (5 H, apparent
s), 2.64 (1 H,dofd,J = 13and 6 Hz), 227 (1 H,d ofd, J = 13 and
7 Hz), a broad multiplet from ca. 2.0to 1.4 (1 H, m), 1.4-1.05 (4 H,
m), and a doublet at 0.82 (3 H, d, J = 6.5 Hz) superimposed on a
perturbed triplet at 0.88 (3 H, t); mass spectrum m/e (relative in-
tensity) 162 (M+, 24), 119 (2), 92 (100), 91 (48), and 43 (44).

Anal. Calcd for C12Hi8: C, 88.82; H, 11.18. Found: C, 88.78; H,
11. 08.

- Phenyl-l-undecene (34). Treatment of 10-undecen-I-al

(14) as described above yielded 34 (99%) as a colorless oil: ir (film)
3075, 3040, 2920, 2865, 1640, 1605, 1495, 1450, 900, and 690 cm "1,
nmr (220 MHz, CC14) s 7.23-6.91 (5 H, m), 5.82-5.59 (1 H, m),
5.00-4.77 (2 H, m), 255 (2 H, t,J =7 Hz), 2.00 (2 H, apparentq, J
= 7 Hz), 1.68-1.48 (2 H, m), and 1.45-1.14 (12 H, broad s); mass
spectrum m/e (relative intensity) 230 (M+, 11), 131 (16), 117 (16),
104 (63), 105 (18), 92 (48), 91 (100), 69 (37), 55 (19), and 41 (27).

Anal. Calcd for Ci7TH26: C, 88.63; H, 11.37. Found: C, 88.36; H,
11.63.

a-(2,6,6-Trimethyl- 1-eyclohexen-I -yl)toluene (35). Treat-
ment of /3-cyclocitral (15) as described above yielded 35 (99%) as a
colorless oil: ir (film) 3070, 3035, 2965, 2935, 2870,1605,1495,1450,
and 690 cm-1; nmr (60 MHz, CCl4) $7.17 (5 H, broad s), 3.49 (2 H,
broad s), 2.30-1.92 (2 H, broad m), a complex multiplet at 1.91-
1. 60 (2H, m), 153 (3 H, broad s), 1.28 (3H, t,J =7 Hz), and 0.92
(6 H, s); mass spectrum m/e (relative intensity) 214 (M+, 75), 199
(100), 143 (14), 123 (43), 105 (15), and 91 (46).

Anal. Calcd for CiéH22 C, 89.65; H, 10.35. Found: C, 89.35; H,
10.34.

I-Phenyl-3,7-dimethyl-2,6-oetadiene (36). Treatment of ci-
tral (16), which is a mixture of neral and geranial, as described
above yielded 36 (90%) as a colorless oil: ir (film) 3070, 3035, 2970,
2925, 1445, 715, and 685 cm-1; nmr (60 MHz, CCl4) £7.19 (5 H,
broad s), 5.57-4.97 (2 H, complex m), 3.33 (2 H, broad d, J = 7.4
Hz), 2.23-1.98 (4 H, m), 1.69 (6 H, broad s), and 1.60 (3 H, broad
s); mass spectrum m/e (relative intensity) 214 (M+, 91), 199 (4),
145 (98), 129 (49), 123 (83), 91 (69), 69 (100), and 41 (49).

Anal. Calcd for CkH22 C, 89.65; H, 10.35. Found: C, 89.30; H,
10.27.

4- (2,6,6-Trimethyl-1-cyclohexen-1-yl)-2-methyl-1-phenyl-
trans-2-butene (37). Treatment of Ci4-aldehyde (17) as de-
scribed above yielded 37 (93%) as a colorless oil: bp 95-97° (1.1
mm); ir (film) 3035, 2965, 2920, 2860, 1601, 1492, 1450, 720, and
690 cm*“ L, nmr (220 MHz, CC14) 67.25-6.93 (5 H, m), 5.09 (1 H, t, J
= 12 Hz), 321 (2 H, s), 269 (2 H, d, J = 12 Hz), 2.00-1.86 (2 H,
m), 1.68-1.36 (4 H, m) on which are superimposed two singlets at
153 (3 H,s)and 151 (3 H,s), and 0.95 (6 H, s); mass spectrum m/e
(relative intensity) 268 (M+, 100), 253 (17), 225 (8), 198 (4), 177
(92), 123 (46), 121 (38), 107 (35), and 91 (60).

Anal. Calcd for CoHX: C, 89.49; H, 10.51. Found: C, 89.31; H,
10.49.

I-(4-terf-Butylphenyl)-3-phenyl-2-methylpropane (38).
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Treatment of 3-(4-£er£-butylphenyl)-2-methyl-l-propanol (18) as
described above yielded 38 (99%) as a colorless oil: ir (film) 3090,
3070, 3035, 2975, 2925, 2860, 1601, 1490, 1450, 1260, 722, and 689
c¢cm-1; nmr (60 MHz, CCIl4) b 7.18 (5 H, broad s) superimposed on
an AB pattern with the first doublet centered at 7.31 (2 H, d, J =
8.5 Hz) and the second at 7.06 (2 H, d, J = 8.5 Hz), 2.92-2.54 (1 H,
m), 2.44 2 H, d,J = 7.5 Hz), 2.26-1.78 (2 H, m), 1.29 (9 H, s), and
0.82 (3 H, d, J = 6.2 Hz); mass spectrum m/e (relative intensity)
266 (M+, 58), 251 (67), 175 (34), 162 (13), 147 (48), 132 (13), 119
(28), 105 (12), 92 (47), 91 (100), 57 (5), and 41 (25).

Anal. Calcd for C20H26: C, 90.17; H, 9.84. Found: C, 89.89; H,
9.75.

p-Methoxydiphenylmethane (39). Treatment of p-anisal-
dehyde (19) as described above yielded 39 (96%) as a colorless oil:
ir (film) 1610,1586,1510,1495,1240,1172,1030, 830, 790, 760, 718,
and 690 cm-15 nmr (60 MHz, CCI4) b7.19 (5 H, s), an AB pattern
with the first doublet centered at 7.07 (2 H, d, J = 9 Hz) and the
second at 6.76 (2 H, d, J =9 Hz), 3.86 (2 H, s), and 3.65 (3 H, s);
mass spectrum m/e (relative intensity) 198 (M+, 100), 197 (40),
183 (12), 167 (30), 121 (28), and 91 (12).

Anal. Calcd for CAH”O: C, 84.81; H, 7.12. Found: C, 84.83; H,
7.10.

2-Benzylfuran (40). Treatment of furfural (20) as described
above, except that the phenylation step was run at ca. —78°, yield-
ed 40 (93%) as a colorless oil: ir (film) 1595, 1505, 1492, 1450, 1065,
1001, 710, and 690 cm-1; nmr (60 MHz, CCIl4) a multiplet at 6
7.22-6.97 (1 H, m) on which is superimposed a singlet at 7.14 (5 H,
s), 6.22-6.05 (1 H, m), 5.92-5.77 (1 H, m), and 3.86 (2 H, s); mass
spectrum m/e (relative intensity) 158 (M+, 100), 129 (65), 115 (23),
103 (4), 91 (9), and 81 (19).

Anal. Calcd for CnH100: C, 83.52; H, 6.37. Found: C, 83.76; H,
6.51.
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4-Homoisotwistane (tricyclo[5.3.1.038lundecane) (3), 6,7-exo-trimethylenebicyclo[3.2.1]octane (4), and ho-
moadamantane (5), together with several, as yet unidentified tricycloundecanes, were discovered to be intermedi-
ates in the adamantane rearrangement of 2,3-exo-tetramethylenenorbornane (1) and 2,3-trimethylenebicyclo-
[2.2.2]octane (2). 13C nmr spectroscopy was the main tool in the structure determination of 3 and 4. The structure
of 4 was further confirmed by comparison with an independently synthesized authentic specimen. BrOnsted acids
(trifluoromethanesulfonic acid and sulfuric acid) were found to catalyze the rearrangement of these tricyclounde-
cane precursors with almost quantitative yields of the products, the -catalysis being milder and more specific than
that by aluminum halides. A high yield synthesis of 3 was accomplished by a selective rearrangement of 2 cata-
lyzed by sulfuric acid. An outline of the reaction scheme was deduced from the product studies of these BrOnsted

acid catalyzed rearrangements.

Acid-catalyzed isomerization of polycyclic saturated hy-
drocarbons to adamantanes (so-called adamantane rear-
rangement) has been widely studied since the discovery of
the reaction by Schleyer.1Elucidation of the mechanism of
the reaction, however, seems to have been less fruitful, ex-
cept for the results by Whitlock2 and Schleyer3 on CioHie
rearrangement, when compared with many successful syn-
thetic approaches in which a number of precursors has
been found to give diamonoid molecules in good yields.4
The difficulty involved in mechanistic studies will be fully
understood by considering the abundance of isomeric poly-
cycloalkanes5which may take part, to the degree their rela-
tive stabilities and reactivities will allow, in the rearrange-
ment consisting of a complex network of competitive and/
or consecutive reaction pathways. We also have been inter-
ested in the problem and studied mainly the rearrange-
ment of Cn tricyclic hydrocarbons.

Only two tricycloundecane precursors, 2,3-exo-tetra-
methylenenorbornane (1)6‘9 and 2,3-ercdo-tetramethylene-
norbornane,9 were hitherto known to undergo adamantane
rearrangement.10 However no intermediate had been iden-
tified12 until the existence of 4-homoisotwistane (3)14 was
established by Schleyer13 in the rearrangement of 1, and
independently by usl5 in the rearrangement of 1 and 2,3-
trimethylenebicyclo[2.2.2]octane (2), under aluminum
chloride catalysis.

Now two further intermediates in the rearrangement of 1
and 2 were isolated and characterized. One was identified

as homodamantane (5), which had been looked for but in
vain in tricycloundecane rearrangements.12-13 The other
was determined by 13C nmr spectroscopy to be one of four
possible tricycloundecane isomers including 5,6-exo-tri-
methylenebicyclo[3.2.1]octane (4). Three other possibilities
than 4 was unambiguously excluded by an independent
synthesis of an authentic 4.

BrOnsted acids (trifluoromethanesulfonic acid and sulfu-
ric acid) were found to be effective catalysts for the rear-
rangement of Cn tricyclic hydrocarbons. Indeed the sulfu-
ric acid catalyzed isomerization of tetrahydro-Binor-S to
diamantanel6was the only example of BrOnsted acid catal-
ysis of the adamantane rearrangement of hydrocarbons. Al-
though trifluoromethanesulfonic acid gave almost similar
intermediate distributions as, but more slowly catalyzed
the rearrangement than, aluminum chloride, sulfuric acid
catalysis was fairly specific with respect to both reactant
and product. Thus 2 was isomerized to 3 in a high yield in
the presence of sulfuric acid.17

Slow catalysis by Brpnsted acid made easier the study of
time-conversion relationships in the rearrangement. Fur-
ther isomerizations of isolated intermediates revealed the
presence of some quasi-equilibriums. These results led us
to draw an outline of the rearrangement scheme.

4-Homoisotwistane (3). Isomerization of 1 with 20 mol
% of aluminum chloride in methylene chloride for 20 min at
ambient temperature gave, together with a small amount of
methyladamantanes, 45% 3 and three other major compo-
nents in the amount of 23, 18, and 6%, respectively (run 1,
Table 1). The ir, '"H nmr, and mass spectra did not tell
much about the structure of 3, except that molecular ion
peak with relative intensity of 100 in the mass spectrum
suggested a reasonably symmetrical cage structure. The 13C
nmr spectra of 3 showed the presence of eight different
kinds of carbon atoms and the absence of methyl group in
the molecule. Of the possible 70 tricycloundecanes contain-
ing neither three- nor four-membered rings,5only two iso-
mers, 3 and 6, are consistent with the above 13C nmr spec-
tra.

The structure 3 seems to explain better the methylene
carbon resonance in an abnormally high field (15.2 ppm)
than the alternative, 6, does. Thus the methylene carbon
resonance was assigned to 5-carbon atom in 3, based on the
calculated value (15.8 ppm) for the atom. The effect of
3(a)- and 4(e)-methyl group (or corresponding methylene
groups in the fused ring system) on the chemical shift



Adamantane Rearrangement of Tricycloundecanes

J. Org. Chem., Voi. 40, No. 3, 1975 277

Table |
Distribution of Intermediates in the Rearrangement of Tricycloundecanesi
Productf 0/6
Reaction Unknown 1-Methyl- Unknown Unknown 2-Methyl- Unknown Unknown
Run Reactant time, hr A adamantane B C adamantane 4 1 3" Dj m E 5
Aluminum Chloride
1 ie 0.3 0.6 2.4 23.0 17.6 0.6 6.1 44.7 3.8 1.2
1.0 96.0 4.0
2 2e 0.2 29.2 14.6 5.1 44.4 3.5 1.2
1.0 96.3 3.7
Trifluoromethanesulfonic Acid
3 If 0.1 4.3 2.8 74.5 18.4
1.0 1.5 0.3 23.8 17.1 1.7 1.7 0.6 45.0 5.3 1.5
24 6.8 18.9 15.6 .0 6.8 37.2 2.8 2.1
4 2e 1.0 2.8 5.0 1.5 29.2 21.5 17.5 20.2
24 2.2 1.6 19.3 16.6 2.4 5.4 46.9 3.2 2.2
5 2f 1.0 0.3 1.0 8.1 16.6 1.4 3.9 60.2 4.4 2.3
24 2.3 6.3 18.5 16.2 5.9 5.9 36.6 3.0 2.1
6 3f 1.0 0.5 1.6 10.3 19.6 3.2 4.1 51.8 4.5 2.3
6.0 1.0 4.4 15.7 18.9 4.6 6.2 41.1 3.6 2.6
24 2.4 5.3 19.6 16.8 5.8 6.5 36.3 2.8 1.8
100 10.0 20.3 12.5 8.0 25.2 5.5 15.0 1.3 1.2
7 4/ 5.0 1.7 2.1 7.3 7.5 2.5 53.4 24.2 0.7
38 1.8 10.0 13.7 11.9 11.6 18.8 26.6 2.0 1.5
Sulfuric Acid
8* 2 2 38.3 20.7 28.7 8.9
7 3.5 93.5 2.8

° 200 mg of reactant in 10 ml of methylene chloride at reflux, unless otherwise noted. bYields of the intermediate mixtures as well as the
final products (methyladamantanes) were always quantitative. Products are analyzed by conventional vpc and aligned in the order of the
increasing retention time. See, however, footnote d. c That of the vpc peak area. d3, unknown D, and 2 could not be separated from each
other by the usual vpc, but on a Golay column, from which proportions of 3, unknown D, and 2 were calculated. e With 0.2 molar equiv to
reactant of AICI3. The reaction was run at ambient temperature. 7With 4.0 molar equiv of CF3SO3H. * With 1.0 molar equiv of CF3SO3H.
h500 mg of 2, 3.2 ml of carbon tetrachloride, and 5 g of 95% sulfuric acid were stirred at ambient temperature. The reaction was heteroge-
neous, carbon tetrachloride layer being analyzed. The product was accompanied by some tarry materials, and the yield of crude 3 on isola-

tion amounted to 81%.17

change of 1-carbon atom in chair form cyclohexane (26.9
ppm) has been calculated as —5.4 and -0.3 ppm, respec-
tively.18 A rational assumption that the additivity of chem-
ical shifts in polycycloalkanes such as adamantanel9 also
holds for 3 enabled us to calculate the chemical shift of the
5-carbon atom: 26.9 —2 X 5.4 - 0.3. A good agreement be-
tween the observed and the calculated values indicates the
existance of a trisubstituted cyclohexane partial structure
and, hence, the structure 3 for the compound. The struc-
ture was later confirmed by the comparison of melting
point and 13C nmr spectrum with those described in the lit-
erature.1314

6,7-exo-Trimethylenebicyclo[3.2.1Joctane (4). The
sixth peak (6.1 %) in run 1 (Table I) was isolated and found
to be homogeneous on several vpc columns. A large scale
experiment allowed the separation and purification of the
component on a preparative vpc. The 13C nmr spectrum of
the compound showed the presence of seven different
kinds of carbon atoms among which three kinds had a rela-
tive spectral intensity of one. All of these three carbon
atoms exhibited triplet absorptions in the off-resonance
proton decoupled spectrum. Absence of methyl group was
also indicated. The isomers5 corresponding to the spectra
are limited to four compounds: 4, its endo- trimethylene
isomer (endo-4), and 2,4-exo- and -endo-ethanobicv-
clo[3.3.1]nonane (exo- 7 and endo- 7, respectively).

Since it is quite difficult to assign to the compound any
of the four structures only by spectral method owing to the
paucity in data for reference compounds, unequivocal syn-

thesis seemed to be the shortest approach to the problem.
We chose to synthesize 4 at first because no authorized
route was established for the ever unknown 7's, and be-
cause endo- 4 might have little chance to be trapped as an
intermediate owing to the relative instability. Synthesis of
4 was started by obtaining 6,7-exo-trimethylenebicy-
clo[3.2.1]octan-3-one (8) by the application of the method
of Jefford, et al.,20 to 5,6-exo-trimethylenenorborn-2-
ene.2l The ketone 8 was also obtainable, as a mixture with
6,7-exo- trimethylenebicyclo[3.2.1]octan-2-one and higher
homologous ketones, on the ring expansion22 of 5,6-exo- tri-
methylenenorbornan-2-one23 by diazomethane. Wolff-
Kishner reduction24 of 8 gave an authentic 4. Spectral
properties, refractive index, and retention times on some
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vpc columns of thus synthesized 4 were in complete agree-
ment with those of the isolated intermediate under exami-
nation.

Homoadamantane (5). The last eluted component in
the reaction mixture of run 1 was identified as homoada-
mantane (5) by comparison with an authentic specimen
(retention times on vpc, melting point, and spectral proper-
ties). 5 has escapedi2'13 from the scrutiny of researchers
probably because ofits scarcity in reaction mixtures.

Unknowns. structures of the compounds from other vpc
fractions were left undetermined. This is mainly because
they are mixtures. Capillary (Golay) column vpc revealed
the presence of multiple components in them: unknown A,
three; unknown B, three at the very beginning, and two in
the later stage, of the rearrangement; and unknown C, four.
Each of unknown D (Table I, footnote d) and E gave only
one peak also in Golay vpc. Mass spectra are the only infor-
m ation available to us on these components at present,
which were measured on a combined Golay vpc-mass spec-
trometer. All of the twelve components gave a molecular
ion peak of m/e 150 with correct isotopic abundance corre-
sponding to CnHig.25 It was also possible by Golay vpec-
mass spectrometry to establish the identities of each com-
ponents from different precursors, 1-4.

IH nmr spectra were taken on each of the isolated un-
known fractions (A, B, C, and E) to show that the reso-
nance was entirely absent in olefinic proton regions for the
unknowns. These spectroscopic evidences indicate that no
appreciable disproportionation had occurred under present
reaction conditions.

Trifluoromethanesulfonic Acid Catalyzed Rear-
rangement of 2,3-exo-Tetramethylenenorbornane (1)
and 2,3-Trimethylenebicyclo[2.2.2]octane (2). one of
the reasons why we were successful in the detection of in-
termediates in adamantane rearrangements would lie in
the use of milder catalyst system than had been used so
far.4a As an extention of this reasoning, it might be possible
to detect a larger number of intermediates by making use
of still milder catalyst systems. Selection of the catalyst
may be made among Brpnsted acids, trifluoromethanesul-
fonic acid, the strongest ever existed, being tried at first.

Trifluoromethanesulfonic acid in refluxing methylene
chloride was found to catalyze the rearrangement of 1 and

2. Contrary to our expectations, the distribution of inter-

mediates in these reactions was almost the same as in those
catalyzed by aluminum chloride. However, a few character-
istic features are to be noted. The catalyst has a very low
activity in giving rise to methyladamantanes. Comparison
of runs 1 and 3 shows that although both reactions proceed
similarly up to the disappearence of 1, further reaction of
the intermediates sluggish under trifluorometh-
anesulfonic acid catalysis. The catalyst also clearly demon-

is very

reactivities and the
reaction pathways in 1 and 2. 1 was so unreactive in the

strated the difference between the
presence of 1.0 molar equiv of the catalyst that it was im -
practicable to study the reaction with this amount of the
catalyst. 2 gave a new component (unknown E) and an in-
creased proportion of unknown D (run 4), while none was
observed with 1.

Trifluoromethanesulfonic Acid Catalyzed Rer-
rangement of the lIsolated Intermediates (3 and 4).
Treatment of the isolated intermediates, 3 and 4, with tri-
fluoromethanesulfonic acid revealed an interesting feature
intermediate distributions in
the reaction of 3 at 1 hr and 24 hr (run 6) are almost identi-

of the rearrangement. The

cal with those of 1 at 1 hr and 24 hr (run 3) as well as those
of 2 with 4.0 M catalyst at 1 hr and 24 hr (run 5), respec-
tively. The reaction of 4 (run 7) gave a little different inter-
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mediate distribution at the beginning of the reaction, but
the proportion of unknowns A, B, C, and D, 3, and 5 in run
7 at sufficiently long reaction time (38 hr) is in quite a good
agreement with that of the corresponding components in
the reaction of 3 at a long reaction time (run 6, 24 hr) as
well as those of the same components in the long reaction
of1 and 2.

Sulfuric Acid Catalyzed Rearrangement of 2,3-Tri-
methylenebicyclo[2.2.2]octane (2). A Convenient Syn-
thesis of 4-Homoisotwistane (3). sulfuric acid was also
found to catalyze the rearrangement. The catalysis, how-
ever, was fairly specific with respect to reactant and prod-
uct. Under the reaction conditions studied (Table I, foot-
note h), only 2was isomerized, while 1, 3, and 4 were quite
unreactive. Substitution of carbon tetrachloride in run 8
for methylene chloride did not change the product distri-
bution at all, but gave a little inferior yield of 3 accompa-
nied by an increased amount of tarry materials. These re-
sults led us to establish a convenient synthesisiz of 3which
otherwise could be obtained so far only with difficulty.13-15
Formation of unknown E and an increased proportion of
unknown D at the beginning of the reaction (run 8, 2 hr)
are in common with the reaction of 2 catalyzed by a small
amount of trifluoromethanesulfonic acid (run 4, 1 hr); but
the absence of unknowns A and B and 4in run 8 is to be
noted.

Discussion

Trifluoromethanesulfonic acid does not seem to have
been examined as a catalyst in the adamantane rearrange-
ment of tricyclic hydrocarbons. Sulfuric acid was success-
hydride

ments,1426 but only a single examplei6 can be cited for the

fully used for transfer reduction-rearrange-
sulfuric acid catalysis of adamantane rearrangement. As-
pects of trifluoromethanesulfonic acid catalysis, especially
concerning the product distributions, are fundamentally
identical with those of aluminum chloride catalysis, al-
though use of trifluoromethanesulfonic acid led to the de-
tection of a new isomer, unknown E, in the reaction of 2
(run 4). However, this apparent difference vanishes if we
expect unknown E to appear midway between 2 to 3 and to
disappear quickly under the influence of stronger catalyst,
aluminum chloride.

Sulfuric acid shows a little different catalytic activity
from those of aluminum chloride and trifluoromethanesul-
fonic acid (runs 2, 4, and 8). Absence of unknown A and B
as well as 4 in run 8 indicates that these three can be
formed from 3 under aluminum chloride and trifluoro-
methanesulfonic acid catalysis, but are notunder the influ-
ence of sulfuric acid. Difference between the activities of
sulfuric acid and other two catalysts is better demonstrated
in the formation of methyladamantanes from 3. Aluminum
chloride and trifluoromethanesulfonic acid gave meth-
yladamantane, although the reaction was very sluggish with
the latter catalyst, while sulfuric acid did not. On the other
hand, the fact also suggests faster reactions of 1 and 2 to 3
than that of 3 to methyladamantanes.

It is to be noted that 1 and 2 gave a similar distribution
of intermediates on prolonged reaction. These proportions
of intermediates are, in turn, quite similar to those in the
further isomerization of either 3 or 4. An explanation for
the results would be that the product distribution was the
same as in the further isomerization of once formed 3, and
this indicates that 3 would be one of the key intermediates
in the whole sequence of the rearrangement. That 4 was
formed from 3, but not directly from 1 or 2, is most proba-
ble in view of an almost exclusive formation of 3 from 2

(run 8), slow formation of 3 from 4 (run 7), and increase of
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the amount of 4 after 1 or 2 had disappeared. An outline of
the reaction scheme may be drawn based on these results.

The reactants 1 and 2 are quickly and irreversibly con-
verted via unknowns to 3 which then slowly isomerized to
final methyladamantanes. The rearrangement of 3 is in-
deed so slow under Brpnsted acid catalysis that we may re-
gard 3 to be in quasi-equilibriums with 4, 5, and some un-
knowns, the equilibriums slowly leaking to give methylada-
mantanes. 1 isomerizes to 3 with the intermediacy of un-
knowns A, B, and C, which, in turn, are in equilibrium with
3. 2 isomerizes to 3 via unknown E, and then via unknown
D which is also in equilibrium with 3.1t is not clear at pres-
ent whether or not there exist any direct route from 2 to
unknown D and that from unknown E to 3. 4 is most prob-
ably formed from and in equilibrium with 3. It is notewor-
thy that sulfuric acid fails to set up the equilibriums be-
tween 3 on one hand, and 4, unknown A, orunknown B on
the other.

The scheme is quite obscure between 3 and methylada-
mantanes. W hat is certain at present is the intermediacy of
5. 3 gives rise to and is in equilibrium with 5, as shown by
M ajerski in his isomerization of homoadamant-4-yl cation
to 3 and 2-methyladamantanel4 as well as in our experi-
ments.27 It seems to have been believed that 5 is the imme-
diate precursor to methyladamantanes in view of the facile
isomerization of 5 to methyladamantanes.61313'14'28 Present
experiments could not demonstrate whether or not the im -
plicit allegation was correct, nor prove the presence of any
pathways from 3 to methyladamantanes without the inter-

mediacy of 5.

Present results are to be considered as a demonstration
of the complexity, rather than the clear elucidation, of tri-
cycloundecane rearrangements. Structures of unknowns
and equilibriums as well as rate constants should be deter-
mined before the problem has been solved. However it is
still evident from our incomplete studies that 3 is one of
the largest energy minima on the tricycloundecane rear-

rangement surface.13
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Experimental Section

All melting and boiling points are uncorrected. Infrared spectra
were obtained for neat samples on a Hitachi 215 spectrophotopie-
ter. :H nmr spectra were obtained on a Varian T-60 instrument
using deuteriochloroform as solvent. All chemical shifts are re-
ported in parts per million downfield from an internal TMS stan-
dard (<. 13C nmr spectra were obtained at 15.1 MHz on a Varian
NV-14 spectrometer. Mass spectra were measured on a Hitachi
RMU-6D spectrometer with 75-eV ionization voltage. The vpc was
accomplished on a Shimazu GC-4B-PTF chromatograph employ-
ing columns (M in. X 6 ft) packed with 60-80 mesh Chromosorb W
containing 30% silicone SE-30, Carbowax 20M, Apiezon L, or
DEGS. Golay vpc was done on a Perkin-Elmer 700 instrument
using columns (0.01 in. X 150 ft) packed with Apiezon L or silicone
SE-30 and operated between 60 and 70°. Golay vpc-mass spec-
trometry was made with a combination of JEOL JGC-20-KP gas
chromatograph and JMS-D100 mass spectrometer. Preparative
vpc was done on a Varian Aerograph 700 instrument. Elemental
analyses were made on an automatic Yanagimoto CHN MT-2.

Materials. Trifluoromethanesulfonic acid is a commercial prod-
uct of 3M Co. Methylene chloride was dried over anhydrous calci-
um chloride and distilled immediately before use. 2,3-Trimethy-
lenebicyclo[2.2.2]octane (2) was preparedl? by hydrogenation of
the Diels-Alder adduct2 of cyclopentadiene and cyclohexa-1,3-
diene and purified on the preparative vpc. Homoadamantane (5)
was synthesized according to the method of Stetter.30 4-Homoiso-
twistane (3) was obtained by the rearrangement of 2,3-trimethyl-
enebicyclo[2.2.2]octane (2) catalyzed by sulfuric acid.17 An au-
thentic specimen of 6,7-exo-trimethylenebicyclo[3.2.1]octane (4)
was prepared by the application of the established synthesis of bi-
cyclo[3.2.1]octan-3-one0 to 5,6-exo-trimethylenenorborn-2-ene2l
as described below.

4-Homoisotwistane (3). A mixture of 50 g (0.33 mol) of crude 2,
320 ml of carbon tetrachloride, and 500 g of 95% sulfuric acid was
stirred at ambient temperature for 7 hr. The organic layer was sep-
arated, and the sulfuric acid layer was extracted once with 100 ml
of carbon tetrachloride. The combined organic layer and carbon
tetrachloride extract were washed successively with each 100 ml of
water, saturated sodium bicarbonate solution, and water and then
dried over anhydrous calcium chloride. Carbon tetrachloride was
evaporated off under slightly reduced pressure, and the residue
was fractionally distilled in vacuo through a 1-ft Vigreux column.
The fraction boiling at 92-94° (16 mm) gave 40.5 g (81%) of crude
3, mp 55-58°. The purity of crude 3 thus obtained was 94%, as cal-
culated from the area ratio in the Golay vpc. Slow sublimation [60°
(19 mm)] gave an analytical sample: mp 62-63° (lit. mp 56-58,14
57-59,14 66.6-67013); ir 2925, 2890, 2870, 2850, 1480, 1465, 1450,
1440, 1340, 975, 940, 895, 845, cm-1; XH nmr d 1.0-2.0 (complex m);
13C nmr (multiplicity, rel intensity) 15.2 (t, 1), 24.8 (d, 1), 26.3 (t,
1) 27.1 (t, 1), 30.9 (d, 2), 31.9 (t, 2) 32.2 (t, 2), 33.1 (d, 1); mass spec-
trum m/e (rel intensity) 150 (100, M+), 122 (39), 121 (39), 109 (12),
108 (16), 107 (19), 93 (27) 81 (27), 80 (46), 79 (40), 67 (35), 55 (18),
41 (40).

Anal. Calcd for CnHis: C, 87.92; H, 12.08. Found: C, 87.8; H,
12.2.

3,4-Dichloro-6,7-exo-trimethylenebicyclo[3.2.1]oct-2-ene.
To a mixture of 26.8 g (0.2 mol) of 5,6-exo- trimethylenenorborn-
2-ene,21 40 g (0.74 mol) of sodium methoxide, and 150 ml of petro-
leum ether was added with efficient stirring 126 g (0.65 mol) of
ethyl trichloroacetate at 0° over a period of 3 hr. The mixture was
stirred at —5 to 0° for a further 4 hr and then allowed to warm
gradually to ambient temperature overnight with continuously
stirring. The reaction mixture was poured onto an equal volume of
ice-water and the resulting mixture was set aside to separate an
organic layer, the aqueous layer being extracted four times with
ether. The combined organic layer and ether extracts were washed
with saturated sodium chloride solution and dried over anhydrous
sodium sulfate. After removal of the solvent under slightly dimin-
ished pressure at room temperature, the residue was fractionally
distilled to give 22.5 g (50%) of 3,4-dichloro-6,7-exo-trimethylene-
bicyclo[3.2.1]oct-2-ene: bp 138-140° (5 mm); n256D 1.5320; ir
2945, 2850, 1620 (C=C), 1320, 1050, 958, 798, 693 cm”~1, ‘H nmr 5
0.9-3.0 (m, 12), 4.15 (d, 1, 3 = 3 Hz, CHC1), 6.12 (d, 1, J = 7 Hz,
C=CH): mass spectrum m/e (rel intensity) 218 (3), 216 (4), 115
(14), 114 (9), 113 (41), 112 (17), 77 (29), 69 (100), 68 (15), 67 (19),
41 (14).

Anal. Calcd for CuHi4C12 C, 60.85; H, 6.50; Cl, 32.65. Found: C,
60.5; H, 6.6; Cl, 32.8.
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3-Chloro-6,7-exo-trimethylenebicyclo[3.2.1]oct-2-ene. To a
cooled suspension of 6.45 g (0.17 mol) of powdered lithium alumi-
num hydride in 150 ml of ether and 450 ml of tetrahydrofuran was
added dropwise with stirring a solution of 20.6 g (0.095 mol) of
3,4-dichloro-6,7-exo- trimethylenebicyclo[3.2.1]oct-2-ene obtained
above over a period of 30 min. After the addition was completed,
the reaction mixture was heated under gentle reflux for 22 hr. Any
residual lithium aluminum hydride was decomposed by wet ether,
and the resulting mixture was poured onto ice-water. The organic
layer was separated, and the aqueous layer was, after acidification
with 10% hydrochloric acid, extracted with ether (100 ml X 5). The
combined organic layer and ether extracts were washed with satu-
rated sodium chloride solution and dried over anhydrous sodium
sulfate. Evaporation of the solvent followed by fractional distilla-
tion gave 11.8 g (68%) of 3-chloro-6,7-exo-trimethylenebicy-
clo[3.2.1]oct-2-ene: bp 77-79° (2 mm); n2s va 1.5223; ir 3045, 2935,
2855, 1640 (C=C), 1465, 1310, 1035, 957, 830, 680 cm“ 1 ‘H nmr S
0.8-2.8 (m, 14), 6.0 (d, 1, J = 7 Hz, C=CH); mass spectrum m/e
(rel intensity) 182 (25), 115 (35), 114 (44), 113 (100), 112 (91), 79
(56), 77 (48), 69 (30), 67 (30), 41 (27).

Anal. Calcd for CnH15CI: 73.32; H, 8.28; Cl, 19.40. Found: C,
72.5; H, 8.1; Cl, 19.4.

6.7- exo-Trimethylenebicyclo[3.2.1]Joctan-3-one (8). To
ml of 98% sulfuric acid cooled in an ice bath was added with effi-
cient stirring 7.3 g (0.04 mol) of 3-chloro-6,7-exo-trimethylenebi-
cyclo[3.2.1]oct-2-ene in one portion, and the mixture was stirred at
ambient temperature overnight. The reaction mixture was poured
onto cracked ice and extracted three times each with 150 ml of
ether. The ether solution was washed with water, dried over anhy-
drous sodium sulfate, and concentrated. The residue was distilled
to give 3.6 g (55%) of 8: bp 75-77° (0.5 mm); r25-60 1.5031;
ir 2945, 2850, 1710 (C=0), 1465, 1410, 1210, 1065, 825 cm-1;
IH nmr S 0.7-2.5 (m); mass spectrum m/e (rel intensity) 164
(74, M+), 121 (54), 120 (86), 95 (100), 79 (57), 68 (44), 67 (82), 41
(62).

Anal. Calcd for CnHigO: C, 80.44; H, 9.82. Found: C, 80.8; H,
10.2.

Ring Expansion of 5,6-exo-Trimethylenenorbornan-2-one.
An Alternative Route to 8. To a cooled mixture of 30 g (0.2 mol)
of 5,6-exo-trimethylenenorbornan-2-one,23 50 g (0.23 mol) of N-
methyl-Af-nitroso-p-toluenesulfonamide, 60 ml of 95% ethanol,
and 4 ml of water was added dropwise with gentle stirring a solu-
tion of 6 g of potassium hydroxide in 20 ml of 50% aqueous etha-
nol. The rate of addition was adjusted so that the temperature was
maintained at 10-20°. After the addition was completed, the solu-
tion was stirred for an additional 30 min, acidified with 2 N hydro-
chloric acid, and extracted with petroleum ether. The organic layer
was dried over anhydrous sodium sulfate, concentrated, and dis-
tilled. The fraction boiling at 77-79° (1 mm) gave 3.6 g (11%) of a
mixture consisting of two components, as analyzed on the vpc. The
first-eluted component (relative abundance 74%) was identical in
all respects (ir and mass spectra and vpc retention times) with the
authentic 8 obtained above.

The second component was assigned the structure of 6,7-exo-
trimethylenebicyclo[3.2.1]octan-2-one on the basis of the method
of synthesis2 and the following properties: ir 2945, 2855, 1710
(C=0), 1470, 1450, 1420, 1240, 1090, 1030, 915, 780 cm*“ L mass
spectrum m/e (rel intensity) 164 (23, M+), 136 (12), 123 (25), 120
(100), 107 (16), 93 (20), 92 (23), 91 (27), 80 (33), 79 (68), 77 (27), 67
(40), 53 (20).

Anal. Calcd for CnH160: C, 80.44; H, 9.82. Found: C, 80.3; H,
10.1.

6.7-
3.3 g (0.02 mol) of the ketone 8, 14 ml of 80% hydrazine hydrate, 11
g (0.2 mol) of potassium hydroxide, and 110 ml of diethylene glycol
were heated under reflux for 3 hr. Water and excess hydrazine hy-
drate were then distilled off and the heating was continued under
reflux (210°) for a further 5 hr.24 After being cooled, the reaction
mixture was poured onto cold water and extracted five times each
with 100 ml of petroleum ether. The combined extracts were
washed with saturated sodium chloride solution, dried over anhy-
drous sodium sulfate, and concentrated. The residue was distilled
to give 2.4 g (80%) of 4: bp 63-65° (2 mm); n22D 1.4967; ir 2930,
2860, 1460, 1340, 1300, 1290, 1230, 1120, 1070, 970, 918, 870 cm*“ 1;
"H mnr S0.9-2.3 (m); mass spectrum m/e (rel intensity) 150 (51,
M+), 135 (13), 108 (24), 93 (22), 91 (19), 79 (50), 67 (82), 55 (25), 53
(37), 41 (100); 13C nmr (multiplicity, rel intensity) 20.2 (t, 1), 28.1
(t, 1), 32.5 (t, 2), 34.1 (t, 2), 34.8 (t, 1), 41.4 (d, 2), 47.9 (d, 2).

Anal. Calcd for CUHI18 C, 87.92; H, 12.08. Found: C, 87.9; H.
12.1.

Takaishi, Inamoto, and Aigami

Acid Catalyzed Rearrangement of Tricycloundecanes. A
20-ml two-necked erlenmeyer flask was equipped with a reflux
condenser connected to a calcium chloride tube which was con-
nected to a nitrogen cylinder through a T-shaped joint, one end of
which was connected for nitrogen pressure release to a glass tube
dipped by half an inch into liquid paraffin. After the flask was
thoroughly flashed with nitrogen stream, an appropriate amount
of the catalyst and 5 ml of methylene chloride were added. The
mixture was stirred at ambient temperature until complete disso-
lution of the catalyst resulted; to the mixture was added with stir-
ring a solution of 200 mg (1.33 mmol) of tricycloundecane in 5 ml
of methylene chloride. The reaction was started and run under a
nitrogen atmosphere at specified temperature, while aliquots (each
100 m) were withdrawn and quenched by cold water. A part of the
methylene chloride layer was taken and, without drying, subjected
to vpc analysis. The amount of the catalyst used was 36 mg (0.267
mmol) for AICI3and 200 mg (1.33 mmol) or 800 mg (5.32 mmol) for
CF3SO3H. Reactions were run at ambient temperature when alu-
minum chloride was used, and under reflux when trifluoromethan-
esulfonic acid was used.

In case 95% sulfuric acid was used as catalyst, 5 g of sulfuric acid
was placed in the flask to which was added 500 mg (3.33 mmol) of

80 a tricycloundecane in 3.2 ml of solvent (carbon tetrachloride or

methylene chloride). The reactions were run at ambient tempera-
ture. Interruption of stirring allowed separation of the organic
layer, from which aliquots were withdrawn for vpc analysis after
quenching by cold water.
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Synthesis of 3-Keto-6-phenyl-8-methyl-9-oxa-A12-2-azabicyclo[4.3.0]nonane
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The synthesis and the study of the intramolecular cyclizations of ethyl 3-[3-phenyl-3-(2'-piperidonyl)]propion-
ate (3), 2-(3-bromopropyl)-2-phenylglutarimide (17), and 2-(2-bromopropyl)-2-phenylglutarimide (18) are de-
scribed. Although both N and O alkylations are possible, only the O-alkylated products were observed.

The synthesis of b5-phenyl-2,9-diketo-l-azabieyclo-
[3.3.1]lnonane (1), a bridged analog of aminoglutéthimide
(2), was undertaken in order to investigate the steric re-
gquirements of the antiepileptic action of drugs containing

the ureide or imide moiety.

1 2

The initial approach to the synthesis of 1 involved the
synthesis of ethyl 3-[3-phenyl-3-(2'-piperidonyl)]propion-
ate (3). It was proposed that a base-catalyzed intramolecu-
lar attack by the amide nitrogen on the ester function
would yield 1.

Diethyl 2-phenylglutarate (4) was converted to diethyl
2-cyanoethyl-2-phenylglutarate (5) via cyanoethylation.
Hydrogenation of 5 yielded the primary amine 6 which was
converted without purification to the desired lactam ester
3. Treatment of 3 with a variety of bases (sodium hydride,
potassium tert- butoxide, thallous ethoxide, sodium hy-
droxide, and sodium ethoxide) in various solvent systems
diethyl ether)

failed to yield the desired bicyclic glutarimide 1. The prod-

(dimethylformamide, dimethoxyethane,
uct isolated was identified as 3-[3-phenyl-3-(2'-piperidon-
yl)Ipropionic acid (7). This probably results from the initial

4, R'"= H;R= CO,Et 3, R=C02xt
5 R'= CH2CH2CN; R = CO2Et 7, R =CO,H
6, R"= CHXH2CH2NH2R = CO,Et

formation of 8 via intramolecular O-acylation followed by
hydrolysis during isolation to give the acid 7.

@)

8

Attempts to cyclize compound 7 to the desired glutari-
mide 1 under various conditions (acetic anhydride, acetic
anhydride and pyridine, thionyl chloride, dicyclohexylcar-
bodiimide, and polyphosphoric acid) yielded only starting
material.

We previously reporteds the light-catalyzed addition of
hydrogen bromide to N- allylglutarimide (9) to yield N- (3-
bromopropyDglutarimide (10). If a small amount of acetic
acid was added to the reaction N- (2-bromopropyl)glutari-
mide (Il) was obtained. Attempts to cyclize 10 to the C-
alkylated bicyclic system failed.

9, R=CH—CH,
10, R= CH2CH2Br
11, R = CHBrCH3

An alternate approach to the synthesis of 1 involved a
base-catalyzed intramolecular alkylation of 2-(3-bromopro-
pyl)-2-phenyl!glutarimide (17). We anticipated that the ad-
dition of a suitable base would lead to the abstraction of
the relatively acidic imide proton and the resulting anion
could afford nucleophilic displacement of the primary bro-
mide of the propyl side chain to yield the desired com-
pound 1.

Phenylacetonitrile was allowed to react with allyl bro-
mide and sodium hydride in dimethylformamide to yield
2-allylphenylacetonitrile (12). Cyanoethylation of 12 yield-
ed 2-allyl-2-cyanoethylphenylacetonitrile (13) followed by
hydrolysis to yield the diacid 14 which was converted to 2-
allyl-2-phenylglutaric anhydride (15) with refluxing acetic
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R
2R =H;R'= CHCH=CH2R" = CN

13, R= CHTH,CN; R' = CH,CH=CH2R" = CN

14, R = CHTHXCO0H; R' = CHICH=CH2R" = COH

15, X =0; R= CHXCH=CH2

16, X = NH;R= CHXH=CH2
17, X = NH; R = CHXHXHZBr
18, X = NH; R = CHXHBrCH3

22, X = NH; R = CHXHXH2OH
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Experimental Section4

Diethyl 2-Cyanoethyl-2-phenylglutarate (5). About 10 drops
of a solution of acrylonitrile (5.76 g, 0.109 mol) in 25 ml of tert-
butyl alcohol was added to a solution of diethyl 2-phenylglutarate
(16.56 g, 0.062 mol) in 25 ml of tert- butyl alcohol. To this mixture
was added sodium hydride (0.456 g of a 57% suspension, 0.019 mol)
all at once. The remainder of the acrylonitrile solution was added
droowise with stirring and the resulting yellow reaction mixture
was stirred at 25° for 8 hr. To this mixture was added 50 ml of
H20, after which the solution was made acidic with 10% HC1, ex-
tracted with 3 X 100 ml of ethyl acetate, and dried (MgSCb), and
the solvents were removed to give a cloudy yellow, viscous oil. Dis-
tillation afforded the desir duct: 12.10 g (0.038 mol, 62%);
165-170° (0.8 mm); nmr z 0 1% TMs) 8 1.12-1.36 (t, 6,
-CH2CH3), 2.20-248 (m, 8, -CH2CH2), 3.46-3.96 (m, 4,
-OCH2CH3), 7.28-7.40 (m, 5 H, aromatic); ir (neat) 2980, 3020,
2250,1735, 1600,1200 cm -1

Anal. Calcd for C1I8H23NO4 C, 68.12; H, 7.30; N, 4.41. Found: C,
68.33; H, 7.51; N, 4.63.

Ethyl 3-[3-Phenyl-3-(2'-piperidonyl)]propionate (3). A solu-
tion of diethyl 2-cyanoethyl-2-phenylglutarate (5, 20.0 g, 0.063
mol) in 125 ml of glacial acetic acid was hydrogenated at 50 psi
(initial pressure) over Pt02for 6 hr in a Parr shaker. The contents
of the flask were filtered and the acetic acid was removed in vacuo
to yield aclear viscous oil which was then heated to reflux in anhy-
drous toluene for 4 hr. The toluene was then removed in vacuo
leaving a pale green oil which was chromatographed on 300 g of
Brinkman silica gel (70-325 mesh) and eluted with ethyl acetate-
benzene (2:1). The desired compound 3 was obtained as a clear col-
orless oil which crystallized immediately upon standing. Recrystal-
lization from diethyl ether yielded 11.0 g (0.040 mol, 64%) of pure
white needles: mp 90-91°; nmr (CDCI3, 1% TMS) 8 1.10-1.30 (t, 3,
-CH2CH3), 1.60-2.40 (m, 8, CH2CH2), 3.10-3.40 (br m, 2,
-CH2NH), 3.85-4.25 (q, 2, OCH2CH3), 6.60-6.80 (br s, 1, NH), 7.25
(s, E aromatic); ir (KBr) 3250, 2960, 1730, 1665 (shoulder), 1610,
1490,1200 cm -1

Anal. Calcd for Ci6H2iNO 3: C, 69.79; H, 7.68; N, 5.08. Found: C,
70.03; H, 7.91; N, 5.38.

3-[3-Phenyl-3-(2'-piperidonyl)]propionic Acid (7). Ethyl 3-
[3-phenyl-3-(2'-piperidonyl)]propionate (3) (2.0 g, 0.008 mol) was
heated and stirred with 10 ml of 10% NaOH until the reaction mix-
ture became homogeneous. The solution was extracted with ethyl
acetate and the aqueous layer acidified with 10% HC1. The acidic
solution was saturated with NaCl, extracted with 3 X 50 ml of
ethyl acetate, and dried (MgSOJ, and the solvent was removed to
yield 1.62 g (0.0064 mol, 80%) of a white solid. Recrystallization
(ether-methanol) yielded colorless prisms: mp 158-160°; nmr
(CD30D) 8 1.50-1.75 (m, 2, -CH2CH2NH), 1.85-2.20 (m, 6,
-CH2CH2COOH + PhCCH2), 3.10-3.40 (m, 2, -CH2NH), 7.40 (s,
5, aromatic); ir (KBr) 3300, 3100-2700,1715,1600,1240 cm "1

Anal. Calcd for C4H1IMNO3 C, 67.99; H, 6.92; N, 5.66. Found: C,
67.81; H, 7.04; N, 5.93.

2-Allylphenylacetonitrile (12). To NaH (14.4 g, 0.6 mol) in
200 ml of dimethylformamide (DMF) was added phenylacetoni-
trile (70.3 g, 0.6 mol) in 100 ml of DMF dropwise while stirring the
suspension. On addition the reaction mixture became deep red.
After the addition the suspension was stirred for an additional 15
min. Allyl bromide (72.6 g, 0.6 mol) in 75 ml of DMF was then
added dropwise after which the reaction mixture was refluxed for 5
hr. Crushed ice (800 g) was added, the mixture was extracted with
3 X 250 ml of ethyl acetate and dried (MgSCb), and the solvent
was removed to afford 96.4 g of a thick brown oil. Distillation
yielded the desired product: 68.2 g (0.434 mol, 72.5%); bp 80-84°
(1.0 mm) [lit.6 bp 122-126° (12 mm)]; nmr (CDCI3, 1% TMS) 8
2.50-2.76 (d, 2, -CH2CH=CH?2), 3.50-4.00 (m, 1, benzylic H),
4.90-6.16 (m, 3, -CH=CH2), 7.40 (s, 5, aromatic); ir (neat) 3110,
3100, 3060, 2260,1650,1610,1450, 990, 930 cm*“ 1

2-Allyl-2-cyanoethylphenylacetonitrile (13). Sodium hy-
dride (0.5 g) was dissolved in 200 ml of anhydrous tert-butyl alco-
hol and to this was added 2-allylphenylacetonitrile (12, 28.2 g,
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0.179 mol) in 50 ml of tert- butyl .alcohol. Immediately upon addi-
tion the reaction mixture darkened. Acrylonitrile (19.0 g, 0.36 mol)
in 100 ml of tert- butyl alcohol was then added slowly, dropwise,
with stirring. The reaction mixture became exothermic and was
maintained at 40-50° with a water bath for 2 hr. The reaction mix-
ture was then made acidic with 50 ml of 10% HC1 and diluted with
250 ml of HjO. The aqueous solution was extracted with 3 X 250
ml of ethyl acetate and dried (MgS04), and the solvent was re-
moved to yield a viscous brown oil. This oil was distilled to yield
13.3 g (0.063 mol, 35%) of the desired product: bp 142-150° (0.4
mm) [lit.6 bp 200-202° (18 mm)]; nmr (CDCI3, 1% TMS) b 2.24-
2.60 (m, 4, -CH2CHZCN), 2.68- 2.88 (d, 2, -CH2CH=CH2), 5.00-
L.10 (m, 3, CH2CH=CH2), 7.50 (s, 5, aromatic); ir (neat) 3120,
3100, 3010, 3060, 2970,1650,1610,990, 935, 760,690 cm*“ 1L

Anal. Calcd for CidH14N2: C, 79.97; H, 6.71; N, 13.32. Found: C,
80.18; H, 6.49; N, 13.14.

2-Allyl-2-phenylglutaric Anhydride (15). To 50 ml of an
aqueous solution of KOH (10.6 g, 0.2 mol) was added 10.0 g (0.047
mol) of 2-allyl-2-cyanoethylphenylacetonitrile (13). The reaction
mixture was refluxed 48 hr, acidified with 10% HC1, extracted with
3 X 100 ml of ethyl acetate, and dried (MgS04), and the solvent
was removed to give 11.6 g of a pale yellow oil (98.3%). This oil was
refluxed in 25 ml of acetic anhydride for 2 hr. The mixture was
cooled and the excess volatile reactants were removed in vacuo to
give a dark, viscous, orange oil. The oil was dissolved in ethyl ace-
tate and decolorized with charcoal. Filtration and distillation
yielded 8.62 g (0.037 mol, 80%) of the desired product: bp 142-144°
(0.4 mm); nmr (CDCI3 1% TMS) b 2.30-242 (m, 2
-CH2CH=CH?2), 2.52-2.82 (m, 4, -CH2CH2), 4.90-6.00 (m, 3,
-CH2CH=CH?2), 7.25-7.40 (m, 5, aromatic); ir (neat) 3100, 3055,
2960,1810,1765,1640,1060, 915, 750, 685 cm*“ 1

Anal. Calcd for Ci4Hi40 3: C, 73.02; H, 6.14. Found: C, 73.12; H,
6.28.

2-Allyl-2-phenylglutarimide (16). An aqueous solution of
NH40H (58% solution, 18.3 g, 0.52 mol) and 30.0 g (0.13 mol) of 2-
allyl-2-phenylglutaric anhydride (15) were slowly heated to reflux.
The water was allowed to distil and heating was continued until
the initially clear light yellow solution began to darken (ca. 3 hr).
The reaction mixture was cooled to 25° to yield a thick tarry mate-
rial. This material was distilled to give 23.0 g (0.098 mol, 76%) of a
clear, viscous oil: bp 158-160° (0.2 mm) [lit.5bp 191-193° (5 mm)];
nmr (CDC13 1% TMS) 5 2.20-2.80 (m, 6, CH2CH=CH2 +
-CH2CH2), 4.80-5.90 (m, 3, -CH2CH?2), 7.20 (s, 5, aromatic), 9.20
(s, 1, imide H); ir (CHC13) 3400,1710,1645,1175, 915 cm*“ 1

Anal. Calcd for C14H15N 02 C, 73.34; H, 6.59; N, 6.10. Found: C,
73.43; H, 6.81; N, 6.03.

2-(3-Bromopropyl)-2-phenylglutarimide (17). Into asolution
of 100 ml of anhydrous toluene and 0.25 g of benzoyl peroxide was
placed 1.00 g (0.004 mol) of 2-allyl-2-phenylglutarimide. The reac-
tion mixture was irradiated with a Westinghouse sunlamp (275 W,
110-125 V) while HBr was bubbled through the solution. Irradia-
tion and HBr addition was continued for 15 min after which time
the solution was purged with N2 The toluene was removed leaving
a thick orange oil which was dissolved in 50 ml of ether and placed
in a refrigerator. Crystallization occurred on standing overnight to
yield 1.10 g (0.0035 mol, 82.5%) of a solid. Recrystallization (ether)
gave white needles: mp 95-97°; nmr (CDC13, 1% TMS) 5 1.65-2.60
(m, 8, ring H's + -CH2CH2CH2Br), 3.18-3.40 (t, 2, -CH 2Br), 7.30
(s, 5, aromatic), 9.60 (s, 1, imide H); ir (CHC13) 3390, 2980, 1700-
1720, 1340, 1260,1170 cm*“ 1

Anal. Calcd for Ci4H16N 02Br: C, 54.20; H, 5.19; N, 4.51. Found:
C, 54.40; H, 5.30; N, 4.78.

2-(2-Bromopropyl)-2-phenylglutarimide (18). If wet toluene
was used in the procedure for 17, compound 18 was obtained. Re-
moval of the toluene after the addition of HBr to 2.30 g (0.01 mol)
of 2-allyl-2-phenylglutarimide afforded a viscous brown oil which
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was dissolved in hot ethyl acetate. On cooling, a light-brown solid
formed which was filtered, washed with cold ehher, and dried to
give 2.75 g (0.009 mol, 90%) of 18. Recrystallization (ether-ace-
tone) produced white crystals: mp 159-160°; nmr (CDC13, 1%
TMS) S1.50-1.60 (d, 3, J = 6 Hz, -HCBrCH3J), 2.10-2.80 (m, 6,
ring H's + -CH2CHBTr-), 3.90-4.05 (m, 1,-CH2CHBrCH3), 7.20 (s,
5, aromatic), 10.40 (s, 1, imide H); ir (KBr) 3210, 1720, 1690, 1360,
1260,1200,1180cm -1

Anal. Calcd for Ci4Hi6NO02Br: C, 54.20; H, 5.19; N, 4.51. Found:
C, 54.26; H, 5.07; N, 4.80.

Reaction of 2-Phenyl-2-(3-bromopropyl)glutarimide with
Sodium Hydride. In 125 ml of anhydrous benzene was dissolved
2.0 g (0.0065 mol) of 2-phenyl-2-(3-bromopropyl)glutarimide and
to this was added 0.24 g (0.01 mol) of NaH [washed free of mineral
oil with petroleum ether (bp 60-68°)] all at once. Immediately
upon addition, H2began to evolve and the reaction mixture was al-
lowed to stir at room temperature for 24 hr. The reaction mixture
was then filtered (solid identified as NaBr) and the solvent re-
moved to yield a viscous orange-brown oil. This oil was chromato-
graphed on 50 g of Brinkman silica gel (70-325 mesh) and eluted
with ethyl acetate-benzene (1:1). Chromatography yielded 1.10 g
(0.0045 mol, 69%) of 2-phenyl-2-(3-hydroxypropyl)glutarimide
(22), a low-melting, hygroscopic white solid: mp 76-78°; nmr
(CDCI3, 1% TMS) b 1.13-2.50 (m, 8, CH2CH?2), 2.76 (br s, 1, disap-
pears with addition of D20, OH), 3.43-3.63 (t, 2), 7.33 (s, 5, aro-
matic), 8.80-9.13 (brs, 1, imide H); ir (KBr) 3400, 3210, 1680, 1340,
1175 cm-1.

Anal. Calcd for Ci4Hi7NO0 3: C, 67.99; H, 6.92; N, 5.66. Found: C,
67.79; H, 6.79; N, 5.55.

3-Keto-6-phenyl-8-methyl-9-oxa-A12-2-azabicyclo[4.3.0]-
nonane (19). In 30 ml of anhydrous DMF was placed 1.55 g (0.005
mol) of 2-(2-bromopropyl)-2-phenylglutarimide. Directly to this
mixture was added 0.21 g (57% suspension, 0.005 mol) of NaH and
the solution was stirred for 24 hr. The DMF was then removed in
vacuo to leave a tan residue. This was partially dissolved in H20
and immediately extracted with ether (3 X 50 ml). The ethereal
extract was dried (Na2S04) and the solvent removed to yield a
white solid (0.52 g, 0.0023 mol, 46%). Recrystallization (ether)
yielded thin colorless needles: mp 164-166°; nmr (CDC13 1%
TMS) b 1.45-1.55 [d, 3, J = 6 Hz, -OC(CH)CH3], 1.85-2.90 (m, 6,
CH2), 4.30-4.85 [m, 1, -OC(CHJ3H], 7.30 (s,' 5, aromatic); ir
(CHCI3) 3030, 2960,1710,1625,1230, 950 cm*“ 1

Anal. Calcd for Ci4HISNO02 C, 73.34; H, 6.59; N, 6.10. Found: C,
73.50; H, 6.76; N, 6.15.
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cis,trans- Bicyclo[6.1.0]non-4-enes have been prepared via two different routes and photoisomerized to the
“parallel” and “perpendicular” isomers of trans,trans- bicyclo[6.1.0]non-4-enes. Structures for these isomers were
confirmed and assigned by chemical and spectral means. Most noteworthy properties of these isomers include dis-
tortion from true perpendicularity in the “perpendicular” isomer and apparent severe distortion from planarity of
the “parallel” isomer’'s double bond. The latter property apparently facilitates a remarkable thermal cis-trans
isomerization of an isolated double bond. A comparison of the ultraviolet spectra of the two isomers also supports
the postulated interaction between the cyclopropane and the . bond. Other chemistry of these isomers is dis-
cussed.
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in turn synthesized by addition of dichlorocarbene to the
corresponding trans unsaturated ester.6 Simultaneous high
dilution addition of 13e and 2 equiv of sodium methylsul-
finyl methide to oxygenated dimethyl sulfoxide yielded a
single product of the desired molecular weight in 22%
yield.7 The general structure of this product was estab-
lished via ozonolysis to 13g. This ozonolysis product was
identical in all respects with a product obtained by chromic
acid oxidation of 13c.

In order to establish the stereochemistry of the cycliza-
tion product, 13a6 was deuterated by exchange with
(CH3)3COD-(CH3)3COK. This product was transesterified,
the tetradeuterio dimethyl ester was then carried through
steps outlined in Scheme I, and the resultant tetradeuterio
diylide 14b was cyclized to 9b as described above. A 13C
satellite nmr spectrum was obtained on the olefinic protons
of this product and this spectrum revealed a coupling con-
stant J ¢ B3HCI2H of 11.5 Hz. Comparison of this coupling
constant with coupling constants obtained for other normal
and medium-sized rings8 established that the cyclization
product had the cis stereochemistry about the double bond.
Chemical confirmation of this assignment was obtained
from the observed total unreactivity of the cyclization
product toward 1,3-dipoles such as phenyl azide.9 Final
proof of structure was obtained by the reaction of the cycli-
zation product 9b with 1 mol of dichlorocarbene to give 15.
This product was identical in all respects with one pre-
pared directly from 16.

Formation of alkenes via the Wittig reaction ordinarily
yields a stereochemical mixture.10 Although it is difficult to
predict the composition of such mixtures, the trans isomer
is most frequently the major product. To the extent, how-
ever, that stereochemistry is governed by angle stain and/
or steric crowding in the transition state (or intermediate)
17, molecular models seemed to indicate a preference for

17

the desired trans isomers. From our observed results it is
clear that these factors do not dictate stereoselectivity in
this cyclization. This result is all the more interesting in
view of the fact that a mixture of 1 and 2 (vide infra) was
unaltered in composition (although partially destroyed)
when subjected to the cyclization reaction conditions.
Compound 9 could be prepared more efficiently by con-
trolled selective addition to the more reactive trans double
bond of 16. Thus, addition of dichlorocarbene or diazo-
methane (followed by photolysis) yielded 9a and 9c,11 re-
spectively. The more cumbersome oxidative cyclization
route did make 9b available and this compound proved to
be exceptionally useful, as will be described subsequently.
Isomerization Approach. Since the results of the oxi-
dative cyclization suggested that any nonstereospecific alk-
ene formation might also yield 9, we reconsidered the pos-
sibility that 9 could be photochemically isomerized to the
desired structures 1 and 2. The two major problems with
this approach were the prospects for low yields (vide
supra) and the lack of a stable complex between 9 and cu-
prous chloride. After some experimentation it was found
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that a preformed cuprous chloride complex was unneces-
sary. Observations concerning this procedure and its.appli-
cation to the synthesis of trans- cyclooctene have already
been published.12 In brief, the cuprous chloride functions
both as a sensitizer for the isomerization and also displaces
the equilibrium by virtue of the greater stability of the
complex with the more strained trans- alkene.

Irradiation of 9a and cuprous chloride at 2537 A in hex-
ane for 27 hr produced a mixture which had three compo-
nents with similar glc retention times. Extraction of this
mixture with aqueous silver nitrate left the major compo-
nent behind in the organic phase. This component was
shown to be identical with starting material 9a. Addition of
agueous ammonia to the silver nitrate solution liberated
the two minor products in 43% yield. These two minor
products were present in a 5 to 1 ratio before and after the
silver nitrate extractions. They were separated by prepara-
tive glc and shown by mass spectroscopy to be isomeric
with 9a. Gross structure and the location of the double
bond were confirmed by ozonolysis. In a similar manner
isomerization of 9c gave a mixture of two silver nitrate sol-
uble isomers in 20% yield. These isomers which were pres-
entina 7to 1ratio were also separable by preparative glc.

In order to distinguish between 1 and 2, the major isomer
from 9a was converted to its epoxide and submitted for X-
ray diffraction analysis.13 This analysis established struc-
ture 18 for the epoxide and proved that the prédominent

isomer was 2a. Thé most interesting structural feature re-
vealed by the X-ray analysis is the deviation from true per-
pendicularity of the two three-membered rings. This devia-
tion apparently results from minimization of transannular
repulsions between Ha and Ht,. The resultant angle be-
tween the planes of the two three-membered rings is thus
70.3° instead of 90°. It is likely that similar factors pertain
to2.14

Addition of the Simmons-Smith reagent converted 2a to
19. The same product was obtained by addition of dichloro-

ci
cl

19

carbene to the major product from 9c. In this way both
major products were assigned the “perpendicular” struc-
ture and the ‘ parallel” structure was attributed to the
minor isomers.

Chemical and Spectral Properties. The fact that 1
and 2 (in contrast to 9) are soluble in aqueous silver nitrate
confirms the presence of strained trans double bonds in
both of these compounds.15 Also, in another reaction char-
acteristic of olefinic strain, both 1 and 2 reacted extremely
rapidly with phenyl azide.9 The resultant triazolines were
not characterized but photochemically converted to the
corresponding aziridines 20 and 21. Further important in-
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EXPERIMENTAL SECTION
Unless otherwise noted all melting points were
determined in glass capillaries and are uncorrected.

General Methods:
Liquid samples
of less than 6 g were generally distilled using a hot air bath and

the boiling point reported was the temperature of the air bath.
Irradiations at 2537 R were done in a Southern New England Ultraviolet
Co. (Middletown, Conn.) “"Rayonet® Model RS Preparative Photochemical
Reactor. Irradiation at longer wavelengths was carried out using a
Hanovia 550w medium pressure quartz mercury arc lamp equipped with
a water-cooled Pyrex immersion well (Ace Glass Co., Vineland, N.J.).
Routine infrared spectra were measured with a Perkin-Elmer (Norwalk,
Conn.) Model 137 "Infracord” instrument and ultraviolet spectra were
measured using a Cary Model 15 recording spectrophotometer (Applied
Physics Corp., Monrovia, California). Vacuum ultraviolet spectra
Model 665 (

recording 3

were recorded on a Instrument Co.,

Acton, ) Nuclear magnetic
resonance spectra were obtained on a Varian Associates (Palo Alto,
california) type A-60 instrument. Carbon-13 Satellite Spectra were
recorded using a Varian Associates type XL-100 instrument. Chemical
shifts (6) are expressed in ppm using tetramethylsilane as an internal
standard. Preparative gas chromatographic separations were performed
on a Hewlett-Packard (Palo Alto, California) Model 700 gas chromato-
graph using the Model 5795 A preparative attachment. Analytical gas
chromatographs were obtained on a Varian Associates (Palo Alto,
California) Aerograph Hy-Fi Model 600-D analytical gas chromatograph
using &' x 1/8" columns. Peak areas were measured by disc integration.
Mass spectra were recorded on a Perkin-Elmer Hitachi (Norwalk, Conn.)
Model RMU-6E mass spectrometer.

Galbraith Laboratories, Inc.

Microanalyses were performed by
(Knoxville, Tennessee) and by Atlantic
{Atlanta, Georgia).

Dichloro-trans-1,2 CxClOE!‘DEAnE Dipropionic Acid Dimet: yl Ester
dzh)

A solution of 31.5 g (0.157 mole) of dimethyl trans
8-dicate®® in 100 ml of 1,2-dimethoxyethane (glyme), which had been
dried over molecular sieves, and 29.0 g (0.157 mole) of sodium tri-
chloroacetate was refluxed for 12.0 hours.

Microlabs, Inc.

4-octene-1,

A slow addition of
crystalline sodium trichloroacetate from a bottle attached to the
apparatus was then begun. The liberated CO, was allowed to vent from

4

solution of 38.0 g (0.18 mole) of freshly purified p-toluene sulfonyl
chloride dissolved in 100 ml benzene was added dropwise over a

period of 45 min.
removed and the mixture allowed to stir at room temperature for
The mixture was then cooled in an ice bath and water

Once addition was complete, the ice bath was

18 hours.
was very cautiously added to the stirred mixture. Once the excess
Nall was destroyed, the mixture was washed three times with water,

dried over MQSO4 and evaporated to an oil (37.0 g, 90%) which could
not be crystallized. This oil, however, gave an nmr spectrum iden-
tical to the material prepared earlier and appeared quite free from

impurities and, hence, was used without further purification.

1) Cye (3e)

This compound was prepared by dissolving 30.2 g (0.19 mole)
of Nal in 200 ml of acetone and adding this solution to 25.5 g
(0.048 mole) of ditosylate led dissolved in 100 ml of acetone. The
flask was then swirled to give solution, flushed with nitrogen,

3,3-Dich

1,2-di-(

stoppered and placed in the dark at room temperature for 42 hours.
The solvent was then evaporated and to the mushy crystalline residue
was added first ether and then water. The mixture was shaken and
then separated. The agueous layer was extracted twice mora with
ether, the ether solutions combined, dried over Mgso, and evaporated
to an oil (21.0 g, 99%) which could not be crystallized. 5&pe;
3.25 {triplet, 4H); 1.45-2.3 (miltiplet, 8H); 1.20 (multiplet, 2H).
3,3-Dichloro-grans-1,2-di- {3-tripheny
Diiodide (13, 1)

The reaction was carried out by refluxing a mixture of 37.0 g
(0.141 mole} of triphenylphosphine, 21.0 g (0.046 mole) of the
diiodide(13g)and 100 ml of acetonitrile for 31.5 hours.
was then evaporated until the oily residue began to foam.

pyl)-cyclopropyl

The mixture
The foaming
oil was then dissolved in acetone and refluxed. After approximately
one hour a crystalline precipitate appeared which was filtered off.
Another crop obtained in this manner from the filtrate afforded a
total of 40.3 g (91%) of crystalline phosphonium salt mp 215-217 (dec.).
5EBS,  7.80 (multiplet, 30H); 3.70 (very broad singlet, 4H); 1.50-
2.31 (broad multiplet, 10H).

Analysis: Caled. for C,gH  P,Clyl,: €, 55.64; H, 4.57.
Found: C, 55.86; H, 4.69.
7
). g of the olefinic protons was 11.5 Hz.

C'lz*! to Clz—ﬂ
Ozomolysis of 9,9-Dichloro-trans-bicyclo [§.1.0)non-gis-4-ene

Approximately 50 mg (0.262 mole) of 9a were dissolved in 5 ml of
absolute methanol, and cooled to -78% in a dry ice-acetone bath. A
mixture of 1-2% ozone in oxygen (Welsbach Ozone Generator Model t-408)
was bubbled through the solution until the blue color persisted (ca.
15 min.). The excess ozone was then flushed out with oxygen and the
methanol solution evaporated at room temperature to a clear colorless
syrup. To the syrup were added 3 ml of 90% formic acid and 1.5 ml of
30% Hy0,. Gentle heat from a flame was then applied until the oxo-
thermic reaction started; this lasted approximately 15 min. The
solution was then refluxed for an additional 25 min. and then cooled

to -20°. From the solution, 66 mg (97%) of crystals {mp 103-105%)
were obtained. This material had identical infrared and nmr spectra
to 13g. In addition, a mixture melting point of the two samples gave

no depression.

Addition of p- 1 Azide to 9a
Approximately 250 mg (1.3 mmole) of 9a and 199 mg (1.4 mmole)

of p-methoxyphenyl azide were dissolved in 1 ml of ether and placed
in the dark under a N, atmosphere for 3.0 days at room temperature.
At the end of this time tlc and nmr spectroscopy showed no reaction
had taken place. The ether was then evaporated to an oil and the oil
heated to 60° in an o0il bath for 5.5 hours. Again, tlc and nmr spec-
troscopy showed that no reaction had taken place.

9,9,10,10-Tetrachloro-gis, trans-tricyclo[5.1.0.1% % vecane (15) a:
From %a

To 10 ml of pentane (reagent grade) were added 100 mg (0.52 mmole)
of 9a and 0.27 mg (5.0 mmole) of sodium methoxide. The mixture was then
cooled to 0% in an ice bath, magnetically stirred, and placed in an
argon atmosphere.

From a dropping funnel was then added, over a period
of one hour, 0.5 ml (0.69 g, 3.62 mmoles) of ethyl trichloroacetate.
After the addition, the orange mixture was allowed to stir 6 hours ad-
ditional at 0° and then overnight at room temperature. Water was then
added and the mixture shaken and separated. The aqueous layer was then
A1l pentane extracts were then combined,
dried over MjSO,, and evaporated to an oil. Distillation (80-50%/0.2
mm) of this oil gave 131 mg (908) of a clear oil that crystallized

(mp 73-78%) .

extracted twice with pentane.

One recrystallization from ethanol gave needles (mp 94-

2

a CaClZ drying tube attached to the top of the condenser. The
reaction was monitored by gas chromatography (SE-30) and required

5 days for completion. At this point, the addition was 96% complete
and a 16-fold molar excess of sodium trichloroacetate had been used.
Workup consisted of diluting the very black and viscous reaction
mixture with ether, filtering off the precipitated ¥aCl, and eva-
porating the filtrate down to a very black oil. Analysis of this
o0il by gas chromatography showed only product and a small amount of
starting material as the only volatile materials. Vacuum distillation
of this oil at 135°/1.5 mm gave 31.8 g (76%) of product.
the residue in boiling acetone, followed by filtration through Florex,
evaporation of the filtrate to an oil and vacuum distillation of the
0il gave an additional 9.1 g of material. A total yield of 41.9 g
(94%) of dichloro cyclopropane 13b was thus obtained. 66BE1, 3.75
{singlet, 6H); 2.52 (multiplet, 4H); 1.93 (multiplet, 4H); and 1.37
2H) .

Triturating

{multiplet,
3,3-Dichloro-trans-1,2-di (3-hydroxypropyl)Cyclopropane (13c}

A mixture of 22.4 g (0.558 mole) of LxAlH‘, 41.7 g (0.147 mole)
Of 13b and 400 ml of anhydrous ether was refluxed for 5 hours. The

mixture was then cooled inanice bath, stirred, and to it was cau-
tiously added 22.5 ml of H,0, 22.5 ml of 15% aquecus NaOH, followed
by 67.5 ml more H,0.
ice bath for 0.5 additional hours.

2
The mixture was then allowed to stir in the

The inorganic salts were then
filtered off, the filtrate dried over ."IgSO‘ and evaporated to give

a quantitative yield of the diol 13 (33 gt. 6§B&), 3.70 (multiplet,
4H); 3.42 (singlet, 2H); 1.71 (multiplet, BH}; and 1.18 (multiplet,
2H). Washing the CDCl, solution of this material once with D,0
completely eliminated the singlet at 3.426.

3,3-Dichloro-trans-1,2-cyclopropane Dipropionic Acid (13g)

A chromic acid oxidizing solution?l was prepared by adding 2.3
ml (0.044 mole) of conc. 1,50, o 2.67 g (0,027 mole] of chromium
trioxide and diluting the resulting mixture to a volume of 10 ml
with Hzc. A solution of 0.55 g (0.0024 mole} of diol lAJF in 40 ml
of acetone was then prepared, stirred and cooled in an ice bath. To
the solution was then added, under a N, atmosphere, a sufficient

3.5 ml) to cause a persis-

quantity of the oxidizing solution (ca
The mixture was then stirred at room tempera-
followed by

tence of yellow color.

ture for 20 hours. Methanol (9.5 ml) was then added,

This material was then converted to the corresponding dichloride
salt (L3f

taining Dowex 21K chloride anion exchange resin,

=C1) by eluting it with ethanol through a column con-
Recovery of material
was quantitative and testing the product with dilute agueous AgNO,
indicated that the exchange was >97% complete. The evaporation of the
ethanol solvent left an oil which foamed lightly.
at high vacuum (0.02 mm)

Pumping on the oil
converted it into a very hygroscopic solid

amorphous mass. Although it was used at that point without further
purification, extreme care had to be used in handling it due to its

extremely hygroscopic nature.

9,9-Dichloro-grans-bicyclo [6.1.0] non-cis-4-ene (ga)

A 0.27 N solution of sodium methylsulfinyl methide’? was prepared
and filtered through sintered glass under vacuum in order to obtain a
clear solution.

The following apparatus for oxidative cyclization was constructed:
a 250 ml 3-neck RB flask was fitted with two Hershberg dropping funnels
and an oxygen bubbler. A stopcock was attached to the pressure equali-
zation tube on each of the dropping funnels. The oxygen bubbler con-
sisted of a straight tube with a sintered glass (medium fritted) disc
attached to the end through which oxygen could be admitted. Attached
to the upper part of the joint holding the tube was a vent leading to
a mercury bubbler. Addition to the dropping funnels were made via
syringe and serum stopper; and when the funnels were filled, the stop-
cocks on the pressure equalization tubes were closed and the reservoirs
connected to aballoon filled with argon. Magnetic stirring was used
and the reaction flask was heated by means of an oil bath. Once the
apparatus was assembled it was twice evacuated to 0.4 mm, flamed and
filled with argon.

To the reaction flask was then added via syringe, 20 ml of dimethyl
sulfoxide (dried over calcium hydride for 5 days) and the flask heated
to 50°, One dropping funnel was then filled with a solution of 2.42 g
(3.1 mmoles) of the diphosphonium chloride (L3f; X=C1) in 30 ml of dried
dimethyl sulfoxide. The other funnel was then charged with 30 ml of
the 0.27 N solution of sodium methylsulfinyl methide prepared above.
Stirring was then started and oxygen (passed first through conc. H,50,
and then KOH pellets) was allowed to bubble at a moderate rate through

the stirring liquid. Dropwise addition from both funnels was then
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95°). 458 1.90-2.60 (multiplet, 4H); and 0.65-1.80 (multiplet, 8H).
Analysis: Caled. for CgH),C,: C, 43.83; H, 4.41.
Found: C, 43.98; H, 4.47.

B: From Authen

Cyclooctadiene (16)
The reaction of 100 mg (0.92 mmoles) of cis,trans-1,S-cyclo-
octadiene (16) with 0.54 g (10.0 mmoles) of sodium methoxide and 1.38 g

(1.0 ml, 7.24 mmoles) of ethyl trichloroacetate was carried out in the
manner described above. Distillation of the crude oily product (B0-
90°/0.2 mm) gave a clear oil which crystallized in the bulb (mp 84-90°).
The infrared and nmr spectra of this material were identical with those
of the materials prepared from 93.
Yield:

In addition, a mixture melting

point gave no depression. 144 mg (59%).

9,9-Dichloro-trans-bicyclo[6.1.Jnon-gis-4-ene oxide

A solution of 121 mg (0.6 mmoles) of 9a in 10 ml of methylene
chloride was mixed with 0.24 g of 85% m-chloroperbenzoic.acid (corres-
ponds to 1.2 mmoles of the peracid). When solution was complete, the
flask was stoppered and cooled to 2-3° for 20 hours. The insoluble
material formed was then filtered off and cthe filtrate washed twice

with sat'd. Na,CO, once with water, dried over MgsO, and evaporated
Distillation (60-80°/
0.15 mm) of the residue afforded 118 mg (90%) of a white solid (mp

68-70°). 6§07  1.95-2.90 (multiplet, 6H); and 0.60-1.70 (multiplet,

at room temperature to a crystalline residue.

6H). Mass speCtrum: 207 m/e (M').
Analysis: Calcd. for CgNlZCIZC‘: €, 52.19; H, 5.84.
Found: €, 52.24; H, 5.81.
cis, trans-1,5-Cyclooctadiene (1§)

This compound was f£irst prepared from the Di-u-chlorobis (cis,
cis,1,5-cyclooctadiene) dicopper (I) complex using published pro-
cedures.

A more convenient preparation consisted of adding 5.0 g (0.046
mole) commercial (cis,cis-1,5-cyclooctadiene followed by 200 ml of
(0.05 mole)
and 300 m) more pentane to a 1.5 1 quartz irradiation vessel fitted

reagent grade pentane, 5.0 g of commercial cuprous chloride
with a condenser leading to a mercury bubbler. The entire apparatus
was flushed with dry nitrogen and irradiated at 2537 &, using vigorous

magnetic stirring, for 24 hours. The solid material was then filtered

Deyrup and Betkouski

£iltration and evaporation. Ether was added to the residue and
then saturated agueous NaCl.

The ether layer was dried over Mgso,

The mixture was shaken and separated.
4 and evaporated to an oil.

The oil was picked up in ether-petroleum ether and crystallized
at -20° to give material (13g) melting at 100-101.5°
crystallization gave an analytical sample (mp 101-102°). sggg,a
11.3 (singlet, 2H); 2.56 (triplet, 4H); 1.85 (multiplet, 4H);*
and 1.30 (multiplet, 2H). ir: 3,000 (broad); 1,705; 1,415; 1,270;
1,218; 919 and 824 cm i,

One re-

caled.

Analysis: for CgH ,0,Cl,: C, 42.37; H, 4.74.

9M12%
Found: C, 42.59; H, 4.84.
3,3-Dichloro-trans-1,2-di{3-tosylpropyl)Cyclopropane (13d)
This compound was first prepared by dissolving 5.8 g (0.025
mole) of diol Jjc in 125 ml pyridine (distilled over CaH,) followed
by the addition of 19.1 g (0.100 mole) of p-toluenesulfonyl chloride

(recrystallized from CI-lCl3 petroleum ether). The flask was then
stoppered and cooled to -20° for 43 hours.

added to 500 ml of rapidly stirred ice and H,O0.

The mixture was then
after 15 minutes
the mixture was then extracted 3 times with ether. The ether layers
were washed twice with cold 1:1 HCl and once with H,0, dried over

Mgs0,, clarified with Norit and evaporated. The residue was picked

up in 60 ml ether and crystallized (mp 53-54°) at -78° in a dry ice-
acetone bath. Two crops afforded 8.15 g (628) of ditosylate 13d.
Attempts to scale up this reaction, however, resulted in a marked
7.25-7.95 (quartet, 8H); 4.08 (triplet,

decrease in yield. &gpe)

4H); 2.46 (singlet, 6H); 1.67 (multiplet, 8H) and 1.01 (multiplet,
20) -
Analysis: Caled. for C,.H,00,5,Cly: C, 51.59; H, 5.27;
€1, 13.24.
Found: C, 51.32; H, 5.43;
€1, 13.42.
A more efficient larg le pr on isted of dissolving

20.0 g (0.088 mole) diol l3c in 400 ml benzene followed by the
addition of 12.5 g (0.65 mole) of sodium hydride (prepared from 25.0 g
of the 50% dispersion by three washings with pentane). The whole
mixture was cooled in an ice bath (in order to keep foaming down to

a minimum), and was mechanically stirred for about 10 minutes. A

6

started and regulated so that at all times an equal quantity of
liquid was being added from each funnel with the rate of addition
remaining constant. Approximately 30 minutes were required for
complete addition, after which oxygen was allowed to continue bubbling
through the stirring dark red mixture for an additional 15 minutes.
Workup consisted of diluting the reaction mixture 3-fold with water
and extracting the resulting mixture 3 times with pentane. The pentane
extracts were combined, dried over qund, and concentrated to ca. 15 ml
by distillation using a wire gauze column. The concentrated solution
was then filtered and evaporated at 0° to an oily residue. The residue
was then distilled (60°/0.2 mm) to give 130 mg (22%) of a very pungent
oil (2a). Analysis by gas chromatography (Fluorosilicone, QF-1) showed
this oil to consist of a single product. 6&g;, 5-65 (multiplet, 2H):
2.19 (multiplet, 6H):; and 1.21 (broad singlet, 4H).

m/e (M*).

Mass spectrum, 191

Analysis: Caled. for CgH),Cly:r C, 56.565 H, 6.33.
Found: C, 56.58; H, 6.46.

butyl 2,2,7,7-Tetradeutero-trans-4-octene-1,8-dioate

To a soluticn of 21.2 g (0.025 mole) of di-t-butyl trans-4-octene-
1,8-diodte in 75 ml of deuterated t-butanol was added ca. 0.5 g potas-
sium-t-butoxide. The magnetically stirred mixture was then heated to
60% in an oil bath for 21 hours. After evaporation of the solvent to
ca. 25% of its original volume, ether was added, followed by filtration
using MgS()4 as a filter-aid. The filtrate was then evaporated to

dryness crystallization The crystals were then

dried under vacuum (0.05 mm) for 4 hours. Recycling the material three
more times using 50 ml, 40 ml and 35 ml deuterated-t-butancl, respec-
tively, as solvent afforded a quantitative yield of the diester in 96%
isotopic purity (nmr). 6555  5.41 (multiplet, 2H); 2.20 (triplet,

JelHz, 4H); 1.33 (singlet, 18H).

9,9-Dichloro-3,3,6,6-tetradeutero-trans-bicyclo {§.1.0] non-cis-4-ene

@

Starting with 20.0 g (0.07 mole) of di-t-butyl 2,2,7,7-tetra-
deutero-trans-4-octene-1,8-diocate and carrying out the previously
described synthetic sequence for the synthesis of 93, 400 mg (3% overall
vield) of the tetradeuterated bicyclic product gp was obtained.
5.64 (singlet, 2H): 2.19 (multiplet, 2H); and 1.19

tns
Sccl
(multiplet, sharp,

off and stored in the dark under N, at room temperature. Approximately
45 g of this material (the result of 5 runs) was worked up by shaking
it with pentane and conc. ammonia until all the solid had dissolved.

To the mixture was then added ice and sufficient sodium cyanide to
decolorize the solution. The solution was then shaken again and
separated. The aquecus layer was then extracted twice more with
pentane, and the pentane solutions were combined and dried over MgsO,.
Analysis of this solution by gas chromatography (SE-30) showed approxi-

mately equal amounts of cis,cis-1,5-cyclooctadiene and cis,trans-1,5-

cyclooctadiene along with a small amount of
cyclooctadiene.

(ca. 13) trams,trans-1,5-
The solution was then concentrated by distillation,
using a wire gauze column, to ca. 200 ml. To this solution was added
an equal amount of water containing sufficient AA;N03 {usually 10-13 g
was required) to eliminate the product peak from a gas chromatogram
of the pentane solution. The aqueous layer was then washed once with
pentane and to it was added excess conc. ammonia in order to liberate
the olefin. The mixture was extracted 3 times with pentane, the
pentane solutions combined, dried over MgsO, and concentrated to about
100 ml by distillation of the pentane through a wire gauze column.
Analysis of this solution by gas chromatography showed 99% pure cis,
trans-1,5-cyclooctadiene (16} and integration data gave a yield of
8-10 g (30-40%). The product was then stored in solution at -20°
until used.

9.9-Dichloro-trans-bicyclofs.1.0)non-gis-4-ene (3a)

To a solution of 10 g (0.093 mole) of cis, trans-1,5-cyclo-
octadiene in 100 ml of pentane was added 9.0 g (0.165 mole) of sodium
methoxide. A dropping funnel on the flask was then charged with 14.2 g
{0.074 mole) of ethyl trichloroacetate. The mixture was then cooled
in an ice bath and flushed with argon for 15 minutes after which the
ethyl trichloroacetate was added, with magnetic stirring, to the cold
mixture for 2 hours. After the addition was complete, the mixture
was allowed to stir an additional 2 hours in the ice bath. Workup
consisted of adding water to the mixture and 2 extraction$ with pentane.
‘The pentane solution was then dried over MqSO4 and evaporated to an
oil. Distillation of this oil at 500/0.25 mm afforded 6.1 g (30%) of
9,9-dich: icyclof6.1.0) a. 650 5.65 (multiplet,

y 9a.
2H); 2.19 (multiplet, 6H); and 1.2l (broad singlet, §H).




The Isomeric trans, trans-Bicyclo[6.1.0]non-4-enes

formation concerning the nature of 1 and 2 was obtained
by preparing tetradeuterio analogs 22 and 23 from 9b. The
small amounts of material available precluded separation
of 22 and 23. It was possible, however, to resolve the olefin-
ic peaks in the mixture by high-resolution nmr spectrosco-
py and to determine Jyc—cy from the carbon-13 satellites.
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9,9-Dichloro-tzans,
The mixture of isomers was prepared from 93 by adding 2.0 g

(0.0105 mole) of 92 followed by 2.0 g (0.05 mole) of freshly

prepared cuprous chloride?’

~bicyclo(.1.0)non-#-ene (13 and 323)

and 15 ml of pentane to a 60 ml quartz
vessel, fitted with a condenser and mercury bubbler. The entire
apparatus was flushed with nitrogen and irradiated at 2537 R for
27.0 hours. Vigorous magnetic stirring prevented material from
adhering to the sides of the vessel. Workup consisted of adding
the entire mixture to conc. ammonia, decolorizing with sodium
cyanide and extracting the mixture 3 times with pentane. The pentane
solutions were then dried over MgsO, and concentrated to ca. 50 ml
and extracted with 30 ml of 20% aqueous AgNO,. A gas chromatogram
(Fluorosilicone, QF-1) of the pentane solution showed only starting
material remained and no evidence of side reactions was seen. The
aqueous layer was then washed once with pentane and then treated with
excess conc. ammonia and extracted 3 times with pentane. Analysis
of these extracts by gas chromatography showed two compounds in a
ratio of 5:1.

The pentane extracts were then evaporated at 0° to an oil.
Distillation (50°9/1.2 mm) of this oil afforded 0.789 g (431) of the
isomer mixture of 1z and 23. Degassing the reaction mixture prior

to irradiation failed to change the yield.

Analysis: Caled. for CgH ,Cl,: C, 56.56; H, 6.33.

Found: C, 56.43; H, 6.25.

This mixture was then separated by preparative gas chromatography
on a 20' by 3/8" 10% Fluorosilicone (QF-1) column to give the per-
pendicular isomer (23) as the major product, and the parallel isomer
(1a) as the minor product.

2a: 6gcy, 5-35 (multiplet, 2H); 2.40 (multiplet, 6H); 1.25
(broad multiplet, 2H); and 0.5 (multiplet, 2H).
ir: 846; 895 (weak): 1,005; 1,030; 1,080 and 1,170 cm™,
jhexane |
max

uv: .92 nm.

1a: §tMS 5. 50 (multiplet, 2H); 2.48 (multiplet, 6H); 1.65
(malfiplet, 2H); and 0.9 (multiplet, 2H).

irs 8205 937; 1,048; 1,115 and 1,147 em™l.

hexane 201

ax

uv: ) 0 nm.
m
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75°/0.2 mm gave a crystalline product, mp 98-104°.
gram (Fluorosilicone, QF-1) of the crystalline product showed two

A gas chromato-
products in a 5:1 ratio. After 4 recrystallizations from hexane,
the major product (mp 114-116°) was obtained pure (gc) and a
crystal submitted for X-ray analysis.

Analysis (mixture): Calcd. for CgHypClpy0: C, 52.19; H, 5.84.

Found: C, 52.31; H, 5.84.
10,10-Dichloro-trans, trans tricyclo[6.1.0.1%%)pecane (19) from 2a
Granular zinc copper couple was prepared as before.6% Five
grams (1.5 ml, 0.02 mole) of methylene iodide was added, over a
period of 15 minutes, to a mixture of 100 mg 2a and 2.0 g (0.08 mole)
of couple in 20 ml of anhydrous ether. Once the exothermic reaction
was over, the mixture vas refluxed for 17 hours. The mixture was
then worked up by pouring it into ice and 1N HC1 and shaking and

separating the ether layer. The ether layer was washed again with
1N HCl, once with water, dried over Mgso, and evaporated at room
temperature to an oil (19) that would not crystallize. A gas
chromatogram (SE-30) of this material showed only 85% purity. The
oil was finally purified by preparative gas chromatography on a
8' x 1/2" 308 silicone rubber (UC-#) column. &g, 2.33 (multiplet,
6H); 1.10 (multiplet, 6H); and 0.3 (multiplet, 21H). ir: 780; 805;
908; 1,005; 1,061; 1,220; and 1,445 cm .

Analysis: Caled. for ClDHXICIZ: C, 58.55; H, 6.88.

Found: €, 58.34; H, 7.01

From 2b
To a solution of 40 mg (0.33 mmoles) of the major isomer of the
mixture of lb and 2b in 7 ml pentane was added 0.4 g (7.4 mmoles)
of sodium methoxide. The magnetically stirred reaction mixture was
placed under an argon atmosphere and cooled in an ice bath. Over a
period of 45 minutes, 0.68 g (3.63 mmoles) of ethyl trichloroacetate
was added. The mixture was allowed to stir in the ice bath for 4
hours and then overnight at room temperature. Water was then added
followed by 2 extractions with pentane. The pentane solutions were
then combined, dried over MgSO, and evaporated at room temperature
Distillation of the oil at 60°/0.2 mu gave a clear
Analysis by gas chromatography

to an oil.
prodyct that would not crystallize.

Analysis: Calcd. for C)gH) NCl,: C, 63.84; H, 6.07

Found: €, 63.65; H, 6.14

Aziridine 21

To a S8lution of 350 mg (1.83 mmole) of pure 2a in 5 ml of
anhydrous ether was added 218 mg (1.83 mmole) of phenyl azide.
The resulting solution was cooled in darkness to 3° for 48 hours.
Evaporation of the solvent to dryness followed by vacuum drying
(0.02 mm) in the dark for 6.0 hours gave the triazoline adduct in
quantitative yield.

Photolysis, for 9 hours, of the triazoline in 5 ml anhydrous

acetone was carried out as described above.

Evaporation of the acetone solution followed by crystallization
of the oil from pentane gave 256 mg (50%) of 2}, mp 124-125°.
).::’;“"e 278 om (c 1,820); ir: 700; 768; 797; 929; 1,209; 1,450;
1,499 and 1,610 b, 68521 6.70-7.40 (multiplet, SH); 2.40
(quartet, 4H); 1.87 (doublet, 2H) and 0.85-1.60 (multiplet, 6H).

Mass Spectrum: 282 m/e (M%).

Aziridine 20
Prepatation of this material fram 100 mg (0.525 mmole) of pure
la and 62 mg (0.525 mmole) of phenyl azide was carried out in the

n

0zonolysis of Isomer Mixture (la and 2a)

A solution of 100 mg (0.52 mmoles) of the 1:5 isomeric
mixture of La and g’ in 5.0 ml of absolute methanol was cooled in
a dry ice-acetone bath and oxygen containing 1-24 ozone (Welsbach
Model t-408) was bubbled through the solution until the blue color
persisted (ca. 1.0 min.). Oxygen was then bubbled through the
solution to remove the excess ozone. The methanol solution was then
evaporated at room temperature to a clear colorless syrup. The
syrup was then refluxed in 3 ml 903 formic acid and 1.5 ml hydrogen
peroxide for 40 minutes. Water was then added to the mixture and
the mixture extracted 3 times with ether. The ether was then dried
over MqSQ‘ and evaporated to a pale yellow oil. The oil was then
taken up in 10 ml of ether and dried into two 5 ml portions.

(.

Portion A was esterified with di and a gas

gram (SE-30) of the crude product showed that only one substance
was present. The retention times correlated well with 13p. Evapora-
tion of the solution to an 0il gave 61 mg (85%) of the diester.
Comparison of the nmr spectra of this material and L3b confirmed

the identity of this material as l3b.

Portion B was evaporated to an oil that slowly crystallized
(mp 94-102°) to give 62 mg (93%) of crystalline material. This
material gave an identical infrared spectrum to authentic l3g.

Crystallization of this material from ether-petroleum ether gave
crystals, mp 104-105°. A mixture melting point.of this material
with 13g gave no depression. In addition, the infrared spectrum

of this material was not changed by crystallization.

trans-Bicyclo [6.1.0]non-cis-4-enell (g¢)

An ethereal solution of diazomethane was added to a solution of
10 g (0.093 mole) cis,trans-1,5-cyclooctadiene in ca. 50 ml of ether
until the yellow color persisted for 30 minutes. The solution was
then boiled on the steam bath to remove the excess diazomethane after

which it was evaporated to an oil that would not crystallize. The

©0il was picked up in 500 ml of pentane and irradiated for 12 hours
using a 550 w Hanovia medium pressure Hg lamp and Pyrex filter.
Distillation of the pentane using a vigreaux column.fallowed by

rotary evaporation at 0° gave a yellow oil. Distillation of the oil

at 70°/29 mm gave 6.0 g (53%) of trans-bicyclo[6.1.0)non-cis-4-ene (2¢).
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(SE-30), however, indicated pure material. Both the nmr and ir

spectra of this oil were identical with those of 1§ from 2a.
Irradiation of 2a with Cuprous Chloride

The 60 ml quartz tube was charged with 0.27 g (1.41 mmoles)
of 2a, 0.3 g (2.9 mmoles) of freshly prepared cuprous chloride®’
and 5.0 ml of pentane. After flushing the entire apparatus with
nitrogen, the stirred mixture was irradiated at 2537 R for 31 hours.
Treatment of the entire reaction mixture with conc. ammonia and
sodium cyanide was followed by pentane extraction. Analysis of
these pentane extracts by gas chromatography (Fluorosilicone,
QF~1) showed that 60% of the material had been re-isomerized back
to 9a. The remaining 40% was found to be & S:1 mixture of 2a and
A, respectively. Only trace quantities of any other volatile
materials were detected. A quantitative yield of 9a, lg and 22
was recovered by distillation (60°/0.2 mm).

Irradiation of la and 2a without Cuprous

To a 3 mm quartz tube was added ca. 10 mg (0,051 mmoles) of
1a and 23 (S:1 ratio of isomers) and 0.5 ml of pentane. The tube
was sealed and irradiated at 2537 R for 22 hours. -At the. end of
this time, a grey amorphous precipitate had formed. Analysis by
gas chromatography (Fluorosilicone, QF-1) of the supernatant
solution showed only 9’5. Both isomers of the starting material had
been completely eliminated.

Irradiation of 9a without Cuprous Chloride

A 3 mm quartz tube which contained ca. 10 mg (0.053 mmoles) of
92 and 0.2 ml pentane was first filled with argon and then sealed
and irradiated at 2537 R for 15 hours. At the end of this time,
the light yellow solution showed no evidence of polymer formation.
Analysis by gas chromatography (Fluorosilicone, QF-1) showed only

starting material was present.
Thermal Stability of 9a

The determination was made by adding 40 mg (0.21 mmoles) of
93, 0.5 ml CgDgand ca. 0.2 mg of hydroquinone to a thick-wall amr
tube. The tube was then filled with argon, sealed, and heated at
250 © for 12 hours.
no change had occurred.

Both nmr and gc (Fluorosilicone, QF-1) showed
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same manner as described earlier for 21. Subsequent photolysis
yielded material which could be crystallized from pentane, 37 mg
(278), mp 72.5-73.5°. x:g;‘"‘e 278 nm (¢ 1,800); ir: 700; 770;
805 (broad); 929; 945; 1,209; 1,320; 1,499 and 1,610 cm . 8881,
6.70-7.40 (multiplet, 5H); 2.41 (doublet, 4H); 2.09 (doublet, 2H)
282 m/e (M*). The
cracking pattern was identical to that obtained for 20. This
material is quite difficult to crystallize.

and 0.85-1.65 (multiplet, 6H). Mass Spectrum:

Thermal Chemistry of 2b

The procedure was carried out by dissolving ca. 100 mg (0.82
mmoles) of 2b in 1 ml of hexane (which had been shaken with conc.
H,50,) and sealing in a 6 mm Pyrex glass tube. The tube and contents
were heated at 138° over a stream of refluxing xylene for 84 hours.
At the end of this time, gc analysis (silicone nitrile, XF-1150)
indicated that no change had occurred in the mixture.

Thermal Chemistry of lb

The procedure was carried out using gca. 100 mg (0.82 mmoles)
of 1p and 1 ml of hexane in a similar manner to the pyrolysis of
25b. At the end of 24 hours, gc analysis (silicone nitrile,
XF-1150) showed 124 conversion to 9b. After another 58 hours of
heating, 31% of the material had been isomerized to Sb. No other
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These coupling constants are summarized in Table L It is
clear from Table I that, while the values for 9b and 23 fall
within accepted limits for the cis and trans coupling con-
stants, respectively, the coupling constant of 22 is highly
unusual for a trans double bond.® Since it is known that
coupling constants are maximal when C-H single bonds are
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trans, trans-Bicyclo [6.4.0]non-4-ene (1b and zb)

The isomer mixture of lp and Jp was prepared in a similar
fashion to that described earlier for la and 23. To a 60 ml quartz
vessel was added 2.0 g (0.0105 mole) of freshly prepared cuprous
chloride?? followed by 1.0 g (8.2 mmoles) of 3¢ and 10 ml of pentane.

After flushing the entire apparatus with nitrogen, the stirred
mixture was irradiated at 2537 R for 28 hours. Workup was accom-
plished as before using conc. ammonia and sodium cyanide. Analysis
of the pentane extracts by gas chromatography (Nitrile Silicone,
XP-1150) showed 85% starting material and 20% isomerized products
as the only volatile materials present. Separation of the isomerized
In this
case, the product ratio was found by gc to be 1:7. The pentane
solution was first distilled using a wire gauze column and then
evaporated to an oil. Distillation of the oil at 50°/29 mm afforded
the 1b and 2b mixture in 20% yield. Again, degassing the reaction
mixture prior to irradiation failed to change the yield.

products was performed as before using 20% agueous AgNO.

Analysis: Caled. for CgH),: C, 88.45; H, 11.55.
Found: C, 88.18; H, 11.66.

Separation of the two isomers by preparative gas chromatography
was achieved using a 12' x 1/2" 20% Nitrile Silicone (XF-1150) column
to give 2p as the major product and lb as the minor product.

2b: §50% 5.30 (multiplet, 2H); 2.34 (multiplet, BH); 0.6-1.2

(broad multiplet, 2H); and 0.51 (triplet, 2H).
ww: A 197 nm (vacuum) .
1y: 65T 5.52 (unresolved multiplet, 28); 2.38 (multiplet,
4
BH); 0.85-1.5 (multiplet, 2H); and 2.27 (quartet, 2H).
wv: A 205 nm (vacuum).
max

9,9-Dichloro-trans, trans bicyclo[§.1.0]non-4-ene Oxide (18)

To a solution of 180 mg (0.95 mmoles) of 2z and la (5:1 isomer
ratio) in 10 ml of methylene chloride was added 0.35 g (1.72 mmoles)
of 85% m-chloroperbenzoic acid. When solution of materials was
complete, the flask was stoppered and cooled to 3° for 24 hours.’

The insoluble material was filtered and the methylene chloride fil-
trate was washed twice with saturated aqueous Na,COj, once with water
and dried over MgS0,. Evaporation at room temperature gave a quanti-

tative yield of crystalline residue. Sublimation of the residue at

15
Reaction of la and 2a with Sodium Methylsulfinyl Methide
A solution of 183 mg (0.955 mmoles) of Za and la (S5:1 mixture

of isomers) dissolved in 5.0 ml of pentane was prepared and, at
room temperature with magnetic stirring, 3.1 ml (one equivalent) of
freshly prepared and filtered 0.3 M sodium methyl sulfinyl methide®?
was added. The mixture turned diatel and mod

heat evolution was noted. The mixture was allowed to stir for 90
minutes after which it was diluted 3-fold with water and extracted
3 times with pentane. The pentane extracts were combined, dried
over Mgs0, and evaporated to an ice bath to give 145 mg of residue.
To the residue was added 5.0 ml of pentane. Comparison of gc
integration data (Fluorosilicone, QF-1) between this solution and
the original starting solution indicated only 52 mg (28%) of a

and 2a remained. No isomerization of la and 2a to 9a was detected
and attempts to identify the other components of the complex residue
failed.

N-Pheny1-10,10-Dichloro-trans, trans-azatricyclo[s.1.0.1%%]-decane

A solution of 1.5 g (7.9 mmoles) of 2a and la (5:1 mixture
of isomers) in 10 ml of absolute ether was combined with 0.935 g
(7.9 mmoles) of phenyl azide also dissolved in 10 ml of absolute
ether. The mixture was then swirled and cooled to 3% for 5 hours.
The solvent was evaporated to dryness and then further dried by
vacuum (0.05 mm) for 12 hours in the dark. The yield of triazoline
adduct was quantitative.

To a Pyrex vacuuwm sublimation apparatus whose cold-finger
condenser was cooled by recirculated ice water was added 2.2 g
(7.0 mmoles) of the triazoline adduct and 95 ml of anhydrous acetone
(the apparatus was filled sufficiently to give considerable immersion
of the cold-finger condenser in the solution). The magnetically
stirred solution was then photolyzed using a 275w sun lamp for 12
hours. During the photolysis, the temperature of the solution
remained below room temperature at all times. From the photolysis,
157 ml (96% of theory) of nitrogen was collected. The yellow
solution was then evaporated to an oil which was picked up in
pentane, filtered and cooled to 3°. From the filtrate, 1.6 g (80%)
of crystals (mixture of isomers) were collected, mp 115.5-119°.

18
reaction products were found.

Pyrolysis of lb and 2b in the Presence of Base

To ca. 100 mg of 1b and 3b (the 7:1 mixture of iscmers) was
added 1 ml of hexane and 0.5 ml of quinoline. The mixture was
then sealed in a 6 mm Pyrex tube and heated at 138° for 35 hours
using a stream of refluxing xylene. At the end of this time, a
considerable amount of 9p had been formed.

pyrol of Az
The reaction was carried out by dissolving 50 mg (0.177 mmoles)
of 21 in 1 ml of hexane and sealing the mixture in a 6 mm Pyrex

tube. The tube and contents were then heated to 138° over a stream
of refluxing xylene for 67.0 hours. When the tube had cooled. a
crystalline substance appeared (mp 123-124°) and appeared from tlc
(50150 CeHg petroleun ether) to be unreacted starting material.

Pyrolysis of 20

This reaction was carried out using ca. 15 mg 20 (0.053 mmoles)
and 1 ml of hexane sealed in a 6 mm Pyrex tube. The tube was
heated to 138° as before for 60 hours. Upon cooling of the tube,
no crystals formed, but tlc (50:50 CgHg: petroleum ether) indicated
that no change had occurred.
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Table |
Olefinic Vicinal Coupling Constants
of the Tetradeuterated Trans-Fused
Bicyclo[6.1.0]non-4-ene Isomers

Compound /Hcl3=clz
9b (cis) 11.5
22 (trans-parallel) 11.0
23 (trans-perpendicular) 16.5

coplanar, we believe that the reduced coupling constant for
22 indicates the presence of noncoplanar olefinic C H
bonds.

D D

Two possible conformations for nonplanar strained dou-
ble bonds have been proposed, discussed, and experimen-
tally observed in the literature. The first of these, exempli-
fied by structure 24, retains the sp2 hybridization and re-
sults in a skewing of the substituents.18®" The second of
these, 25, involves the rehybridization of the two olefinic

carbons and retains the eclipsed arrangement of the subst-
ituents. 16c'e Formation of either structure 24 or 25 would
effectively move the ir bond further away from the cyclo-
propane ring and thereby diminish interaction between the
wbond and the internal cyclopropane ring bond. Since such
repulsions are almost certainly greater in the case of the
parallel form, it is not surprising that the parallel isomers
show a much greater tendency to relieve such interactions.
Although the w-a interactions may be smaller in structure
25, it appears that transannular HaHb interactions are
much less severe in 24. Unfortunately, the available data do
not allow a distinction between 24 and 25. It is also impos-
sible to relate quantitatively the magnitude of the devia-
tion to the observed coupling constants.

Structures | and 2 are much more stable than their diene
analogs 6 or 7. They were indefinitely stable when kept at
—20° in a dilute hexane solution and reasonably stable in
solution at room temperature under nitrogen. It was hoped
that the forced close proximity of the irbond and the cyclo-
propane might force forbidden 2 + 2 cycloadditions. In-
stead, at elevated temperatures, the parallel isomer Ib was
slowly converted to the cis,trans isomer 9c. For example,
when Ib was heated at 138° for 84 hr, glc analysis indicated
31% conversion to 9c. The extent of isomerization was not
effected by the presence of quinoline which indicates that
the isomerization is not acid catalyzed. By contrast, 2b and
9c were unchanged when heated at this temperature for the
same period of time.17 The facility of this unprecedented
thermal isomerization of an isolated double bond lends

Deyrup and Betkouski

chemical support to the postulated weakened, distorted ir
bond depicted in 24 (or possibly 25).

The photochemistry of 1 and 2 was also briefly investi-
gated for signs of internal cycloaddition. The irradiation at
2537 A of a mixture of la and 2a in hexane for 22 hr re-
sulted in conversion to the cis,trans isomer 9a along with
the formation of considerable gray polymer. No starting
material or other volatile products were formed. Similar
treatment of 9a resulted in neither change nor polymer. A
final attempt at cycloaddition in this system with aziri-
diies 21 and 20 was made. It is known that aziridines un-
dergo thermal conrotatory ring opening to azomethine yl-
ides. Although such intermediates might have added across
the cyclopropane ring bond to give products such as 26 and

Ph Ph
26 27

27, both 20 and 21 were recovered unchanged when heated
at 138° for 60 hr.

In order to further assess the nature of the transannular
interaction, vacuum ultraviolet spectra were obtained for
Ib, 2b, and 9c. These spectra are reproduced in Figure 1
along with, for purposes of comparison, trans- cyclooctene.
From these spectra it can be seen that the parallel form Ib
has the longest wavelength maximum and that both the
a-<r* and 7r-7r* absorption bands are considerably broad-
ened for the parallel form. The shift to longer wavelengths
appears to be indicative of transannular resonance stabili-
zation in the excited state. A similar observation has been
made by Cram in the paracyclophane series (28) where m
and n are small (e.g., when m = n = 2).19 It is interesting
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to note that shifts to longer wavelengths in the paracyclo-
phane series were also associated with broadened bands
and decreased absorption intensities.

The properties of 1 are thus vastly different from the
perpendicular isomer 2 or other analogous irans-alkenes.
The difference appears attributable to the transannular re-
pulsions between the it bond and the cyclopropane ring.
These repulsions distort the ir bond and thus greatly alter
its chemical reactivity. Further studies on these and related
distorted alkenes should clarify the precise nature of the
distortion process and the chemical consequences of such
distortions. Finally, it is apparent that the unique features
of the trans.trans arrangement present in these compounds
offer many opportunities for chemical study of previously
unavailable molecular arrangements.20

Registry No.—la, 36217-82-0; Ib, 36217-84-2; 2a, 36217-81-9;
2b, 36217-83-1; 6, 1552-12-1; 9a, 36217-85-3; 9a oxide, 53447-31-7;
9b, 53447-32-8; 9c, 36217-86-4; 13b, 53384-96-6; 13c, 53432-89-6;
13d, 53384-97-7; 13e, 53384-98-8; 13f (X = 1), 53384-99-9; 13f (X =
Cl), 53385-02-7; 13g, 36217-87-5; 15, 53447-33-9; 16, 5259-71-2; 18,
36217-88-6; 19, 53447-34-0; 20, 53385-00-5; 21, 53447-36-2; 22,
53447-35-1; 23, 53447-37-3; phenyl azide, 622-37-7; sodium methyl-
sulfinyl methide, 15590-23-5; cuprous chloride, 7758-89-6; p-
methoxyphenyl azide, 2101-87-3; di-teri-butyl traras-4-octene-I,8-
dioate, 53432-90-9; di-feri-butyl 2,2,7,7-tetradeuterio-irans-4-oc-
tene-1,8-dioate, 53385-01-6; triphenylphosphine, 603-35-0; sodium
iodide, 7681-82-5; p-toluenesulfonyl chloride, 98-59-9; dimethyl
£rans-4-octene-1,8-dioate, 32456-97-6; sodium trichloro-
acetate, 650-51-1.

Miniprint Material Available. Full-sized photocopies of the
miniprinted material from this paper only or microfiche (105 X
148 mm, 24X reduction, negatives) containing all the miniprinted
and supplementary material for the papers in this issue may be ob-
tained from the Journals Department, American Chemical Society,
1155 16th St., N.W., Washington, D. C. 20036. Remit check or
money order for $4.00 for photocopy or $2.00 for microfiche, refer-
ring to code number JOC-75-284.
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Synthesis of Some cis- and trans-2-Dimethylaminomethyl Cyclic Amines

and Related Diaminesl
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The preparation of N,N, 2,2-tetramethyl-1,3-propanediamine, cis- and trans- 2-(dimethylaminomethyl)cyclo-
hexylamine, and i-exo- dimethylaminomethyl-2-eredo- norbornanamine has been accomplished by the Mannich
reaction on the appropriate carbonyl compound, followed by oximation and reduction. The reactions of methacro-
lein and 3-methylene-2-norbornanone with methylhydrazine gave pyrazolines whose methiodides were reduced to
N,N, 2-trimethyl-1,3-propanediamine and 3-endo -dimethylaminomethyl-2-endo- norbornanamine, respectively.

The dedeuteration of acetone-dé has been shown to be
catalyzed bifunctionally by the monoprotonated form of
V,.IV-dimethyl-1,3-propanediamine.23  Examination  of
models of the transition state of the rate-controlling step in
the reaction showed that in the two most stable conformers
the carbon-I-nitrogen bond from the diamine was approxi-
mately eclipsed with a carbon-2-hydrogen or carbon-2-

carbon-3 bond. The greatly increased bifunctional catalytic
activity of both the cis and trans isomers of 2-(dimethylam-
inomethyl)cyclopentylamine experimentally demonstrated
the importance of conformational effects.23 To study such
effects in more detail we have synthesized several addition-
al conformationally constrained derivatives of AiIV-di-
methyl- 1,3-propanediamine and also two 1,4-diamines.
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Results

The method used previously for the preparation of the
2-(dimethylaminomethyl)cyclopentylamines, in which the
Mannich reaction is used to introduce a dimethylami-
nomethyl substituent into a carbonyl compound that is
then transformed to its oxime and reduced,3 was used to
prepare N,N, 2,2-tetramethyl-1,3-propanediamine and the
2-(dimethylaminomethyl)cyclohexylamines, which were
obtained as a mixture containing about 60% of the major
and 40% of the minor isomer. After separation by fractional
crystallization of the oxalate salts, the major product was
assigned the cis and the minor one the trans configuration
on the basis of their pmr spectra. The carbon-1 proton of
the cis isomer, which should be largely equatorial, absorbed
at about 0.5 ppm lower field than the carbon-1 proton of
the trans isomer, which should be largely axial.48 In the
presence of the shift reagent Eu(fod)35 the widths at half-
height for the carbon-1 proton peaks were ca. 12 and ca. 30
Hz for the cis and trans isomers, respectively. The peak for
the largely axial carbon-1 proton of the trans isomer is
broadened by two large axial-axial vicinal coupling con-
stants, whereas the peak for the largely equatorial carbon-1
proton of the cis isomer is much less extensively split.

Application of the same method of synthesis to 2-norbor-
nanone as the starting material gave, as the product of the
first step, the 3-(dimethylaminomethyl)-2-norbornanone
(1) that has been shown by Krieger to be ex0.6 This stereo-
chemical assignment is supported by pmr measurements
using a shift reagent. Oximation of the ketone and lithium
aluminum hydride reduction gave 3-exo -dimethylami-
nomethyl-2-endo -norbornanamine (2). The pmr peak for

NH,
2

the carbon-2 proton was split with coupling constants of
about 1, 4.5, and 4.5 Hz. The latter two coupling constants
are plausible for vicinal exo-bridgehead coupling and exo-
endo coupling.487 The coupling constant of ca. 1 Hz proba-
bly arises from long-range splitting by the exo proton on
carbon-6. If the new primary amino group had been exo the
carbon-2 proton peak would have been split by the carbon-
3 proton with a coupling constant of about 7 Hz and by no
other coupling constant larger than 3 Hz.4b7

Since the synthesis of 2 gave no clearly observable
amount of a cis isomer, we devised a stereospecific synthe-
sis to obtain such a compound. The required groups would
be held cis by being in a five-membered ring, whose cleav-
age would be the last step of the reaction. The preparation
of A/,Al,2-trimethyl-l,3-propanediamine was used as a
proving ground for this new stereospecific synthesis. By
analogy to the reaction of a-methylene ketones with meth-
ylhydrazine to give pyrazolines,89 methacrolein was trans-
formed to |,4-dimethyl-2-pyrazoline (3), which was methy-
lated with methyl iodide at its saturated nitrogen atom.10
Lithium aluminum hydride reduction of the resulting pyra-
zolinium salt 4 gave the desired diamine in 19% yield (not
optimized).

When this method of synthesis was applied to 3-methy-

Hine and Li
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MeNHNH, J K Mel
CH,=CCHO ch2  eh
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LiAIH4 |
Me,NCH2CHCH2NH2
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lene-2-norbornanone, lithium aluminum hydride reduction
of the pyrazolinium salt 5 gave 15% 3-endo- dimethylami-
nomethyl-2-emio- norbornanamine (6) and 22% of the
product 7 in which only the double bond had been reduced.

The latter was the only product obtained (in 46% yield)
when 5 was reduced with sodium cyanoborohydride in
methanol at about pH 4. The C-2 proton peak for 6 was a
doublet of doublets (J = 9.5, 45 Hz). The larger of these
coupling constants shows that 6 must be a cis isomer and
very probably an endo cis isomer.4b'7 The smaller coupling
constant, which is too large for any possible long-range cou-
pling or for bridgehead-endo vicinal coupling in the nor-
bornane series, is perfectly plausible for bridgehead-exo
vicinal coupling.

We believe that the pyrazoline route we have used may
prove to be a rather general method for the stereospecific
synthesis of derivatives of cis-(2-aminomethyl) cyclic
amines.

Also prepared was o -(dimethylaminomethyl)benzylam-
ine, which was synthesized from o -cyanobenzyl bromide by
reaction with dimethylamine followed by sodium borohy-
dride-Raney nickel reduction.1l

Reductive méthylation of the appropriate primary-terti-
ary diamines was used to prepare o -bis(dimethylami-
nomethyl)benzene, which has been made in other ways 12'13
and N,N,N',N', 2,2-hexamethyl-I,3-propanediamine.
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#quecus solution of 14.1 g of sodium carbonate was added
dropwise to a cold mixture of 34.3 g of 2,2-dimethyl-3-
dimethylaminopropanal and 8 saturated aqusous solution of
20.3 g of hydroxylamine hydrochloride. After about 1 hr of
stirring 18.9 g (49%) of the oxime was obtained as white
crystals: mp 51--55%; ir (KBr) 3050, 3150 (=, C-H), 1630
(v, C=N), 95 (s, N-0), 1470 (m), 1450 (m), 1420 (m), 1350
(), 1300 (m), 1230 (w), 1165 (=), 1105 (%), 1040 (m), 1026
(s), 998 (¥), 927 (s), B70 (m), 775 (m), 635 (W), 508 om™ (w);
pmr (CDCly) & 1.10 (s, 6, CHsC), 2.28 (a, CHsN) and 2.30
(s, CHa)--8.2 protons, and 7.37 ppm (s, 1, CH=N).

After slow addition of 9 g (0.063 mol) of oxime to 4.9 g
(0.130 mol) of 1ithium aluminum hydride in 250 =l of ether
with stirring, the solution was refluxed for 48 hr. Addition
of 10% aqueous sodium hydroxide gave & white precipitate that
vas removed by riltration. Distillation of the filtrate gave
4.72 g (58%) of 2,2-dimethyl-3-dimethylaminopropylamine:
bp 152.5--153°; ir (neat) 337C and 3280 (w, KNHg), 2540, 2860,
2610, and 2760 (all s, C-H}, 1590 (w), 1450 (=), 1340 (¥),
1370 (w), 1240 (%), 1155 (w), 110G (v), 1050 (s), and 850 em™
(m); prr (CDC1y) & 0.83 (s, 6, CHsC), 1.13 (s, 2, NHa), 2.05
(s, 2, CHaNMeg), 2.20 (s, 6, CHsN), and 2.43 ppm (s, 2, CHoNHa);
exact mass of parent fon, calcd 130.14698, found 130.14715.

2-( hy: Joyelohexylamines.--The oxime of

has been reduced
N

1

2-(s thyl Jeyel
catalytically'® and with sodium in 11quid armoni but the
products were not separated into cis and trans lsamers nor was
their s 'y studied. A luti of 8.7 g (0.051 mol)
of this oxime was refluxed with 7.6 g (0.20 mol) of lithium
aluminum hydride in 500 ml of ether. After the usual work-up
vacuun distillation gave 6.0 g (76%) of liquid: bp 39--42°

(0.11 mm); ir (neat) 3285 and 3360 cm* (WHa). Glpe of

4

under nitrogen for Ll hr. After the usual work-up, vacuum
dlstillation gave 5.0 g (76%) of colorless 1iquid, bp 49°
(0.12 mm), whose glpc showed traces of several impurities.
Recrystallizations of the oxalate salt frem methanol--
ethanol and liberation of the free amine with potassium
y gave pure 3-exo -
norbornanamine: 1ir (neat) 329C, 3365 (m, WHa), 2950,
2870, 2820, 2770 (s, CH), 1570 (m), 1L50 (s, CHg), 1365
(m, CHy), 1260 (m), 1160, 1156 (w), 1043 (s), and 837 em_
(m); pmr (CDCly) & 2.67 (broadened triplet, 1, J~4.5, 1 cps,
CHNE) 2.12 (s, ~6, CHyN), 1.75--2.17 (m, ~L, CHCH.N and
H-1), 0.67--1.67 ppz (m, ~9); exact mass of parent lon,
caled 168.1626k, found 168.16288. Amine hydrocilaride,
mp 309--311 (d) from EtOH--MeOH (1:1).

2 anal. of the hydrochloride. Calcd for CioHagNaCla:
C, 49.60; H, 9.19; N, 11.61. Found: C, 49.75; K, 9.1lk;
K, 11.53.

1,1,4-Trimethyl-2-pyrazolinfun fodide.--The method of

Toffe and Zelenin'’ was used to prepare 1,i-dimethyl-2-pyra-
zoline: ir (neat) 3050 (w, sp®-CH), 2750--3000 (s, sp>-CH),
1630 (w, C=KN), 1560 (%), 1430 (=), 1360 (%, CHs), 129€,
1279 (), 1220, 1200, 1165, 1128 (m), 1080, 1065, 1045 (w),
9€3, 940 (m), BB6, 859, 832, Bl0, 775 (m), 739, 655, and
608 cm™ (w); pmr (CDC1,) 1.13 (4, 3, J = 6.2 cps, CHC),
2.2 (m, 1, ¥=C-CH), 2.77 (s, 3, CHs¥), 2.83--3.37 (m, 2,
CHeN), and 6.58 ppm (broad s, 1, N=CE). after 30.5 g
(C.31 mol) of this pyrazoline and 59.6 g (0.42 mol) of
methyl lodide in 150 ml of venzene had stood overnight at
room temperature, 67.5 g (904) of crude yellow 1,1,4-tri-
methyl-2-pyrazolinium lodide had separated. Two racrys-
tallizations from methanol gave pure light yellow
crystals: mp 142--145°, ir (KBr) 2975, 2875 (s, ),
161C (w, C=x), 1280, 1260, 1230 (=), 1112, 1053, 990 (%),

1

7

7,88 white needles: mp 192--193°%; Ir (KBr) 3425 (m, NH),
3150 (s), 2999, 2960, 2900, 2870 (s, CH), 1700 (w), 1450
(s, c3a), 1425, 1380, 1340, 1300, 1292, 1252 (=), 1237,
1215, 1194, 1168 (¥), 1124 (m), 1067, 1152 (v), 1020 (s),
989, 963, 958 (m), 933 (w), 921, 917 (m), 885 (w), 860
(m), 842, B17, 799 (W), 772 (m), 735 (m), 635 (m), 582,
529, and 457 cm * (w); pmr (Da0)*® 6 4.02 (d of d, J =
10.5, 5 cps, ome CHaN proton), 3.63 (d of d, J = 10.5,

2 cps, the other CH.N proton), 3.42 (s, ome CHsN), 3.34
(s, the other CZ,¥), and broad absorption from 1.33 to
3.50 ppm.

. Caled for CyoHioNeI: €, 40.83; H. 6.51;
N, 9.52. FPound: C, 40.63; H, 6.63; N, 9.25.
A solution of 4.34 g (0.015 mol) of 5 and 1.7 g
(0.027 mol) of sodium cyancborohydride in 100 ml of
methancl at about pH 4.4 was stirred for 4.5 hr at room
temperature, then concentrated, added to water, and made
basic with 1 ¥ sodium hydroxide. Several extractions
with ether, concentration, end recrystallizations from
ethanol--methanol gave 2 g (46%) of 7, ir and pmr ldentical
to that obtained as described in the preceding paragraph.
o~ (Dimethylanminomethyl)benzonitrile.--Dropwise addition
of 40 g (0.204 mol) of g-cyancbenzyl bromide in 150 ml of
benzens to about 100 g of cold dimethylamine was followed by
3 br of stirring at room temperature. After removal of &
white precipitate by filtration the solution was concen-
trated and vacuum distilled to give 25.5 g (78%) of
o-(dimethylaminamethyl Jbenzonitrile: bp 62--63° (0.14 mm);
ir (neat) 2230 (s, C=N), 1600 (w, aromatic C==C), 3030 and
3070 (w, sromatic C-H), 2980 (m), 2950 (=), 2860 (m), 2825
(m), 2775 (m), 1480 (w), 1450 (=), 1355 (m), 1250 (m), 1160
(m), 1155 (%), 1100 (), 1035 (s), 850 (w), 857 (%), 770
(s), and 718 (w); pmr (CDCl,) 6 2.29 (s, 6, CHsN), 3.64
(s, 2, CHa), and 7.2-=7.8 ppm (m, 4, arometic CH); exact
mass of parent ion, caled 160.10004, found 160.10027.

2

this 1iquid on & 12-ft colum containing 20% mannitol and
5% potassium hy on at 155° showed two
overlapping peaks, of which the first was 50% larger than
the second. When the oxalate salts were crystallized from
9:1 methanol--water the salt of the major isomer crystallized
first. Repeated crystallization of the remaining salt mixture
from ethanol gave the pure salt of the minor isomer. The
amines were liberatsd from their oxalates with potassium
hydroxide. The major isomer is taken to be gis-2-(dimethyl-
aminomethyl)cyclohexylamine: pmr (CDCly) & 2.12 (s, 6, CH,N),
3.00 (multiplet sbout 12 cps wide at half-height, 1, H-1),
1.0--2.1 ppm (m, ~/13); exact mass of parent lon, caled
156.1626l, found 156.16278. The minor isomer was taken to be
traps-2- (dime Jeyel pmr (CDC1,)
82.12 (s, 6, CHN}, 2.0--2.6 (m, ~/3, E-1 and CHaN), 0.9--
2.0 ppm (m, ~/11); in the presence of Bu(fod)s; the H-1 peak
had & width at half-height of 30 cps.

Anal. Calcd far CoHaoNat C, 69.17; H, 12.90; N, 17.93.
Found: €, 68.83; H, 13.03; N, 17.61.

3-exo -==This
was made from 2-norbornancne by the Mannich reaction.”®
Although the pmr spectra in chloroform-d and bensene-g, were
consistent with the structure assigned previously,® they added
no evidence for it. However, in the presence of enough (less
than 0.3 mol per mol of compound) Bu{fod)s to shift the
6-proton peak for the dimethylamino group to 8 6.90 there was
2 l-proton broadened doublet (J = 12 ¢ps) of doublets (J =
7 cps) at 5 5.99, a l-proten broadened triplet (J~7 ops) at
6 4.57, & 1-proton broad (8 cps at half-height) singlet at
5 3.51, and a l-proton doublet (J = 12.5 cps) of doublets
(3 =8 cps) at 6 2.82, in addition to the large multiplet
stretching from 6 1.0 to 2.5 ppm. Since the coupling constent
of 12.5 cps is plausible only for geminal coupling in the
present cese, and since the peak due to at least one of the

H

930 (s), 875 (x), 525, 765, and 705 cm " (m); pmr (D40)*®

61.33 (4, 3, J = 6.5 cps, SHaC), 3.37 (s, one CHsN),
3.52 (s, the other CH,H), 3.33--4.50 (m, CHsCE), and
5.13 pom (broad s, 1, K=CH).
2-Hetnyl-3-dimetaylaninoprooylasine . --A

of 33 g (0.137 mol) of 1,1,4-trimethyl-2-pyrazoliniun
todide and 7.9 g (0.2 mol) of lithlum aluminum hydride in
4,00 ml of ether was refluxed for two days and worked up
in the usual mannes. Distillation gave 2.97 g (19%) of
2-methyl-3-dimethylaninopropylamine: bp 1L41--142°
1e.*° 145--150%); ir (neat) 3275 and 3350 ca = (Nig
pmr (C3C1,) 6 0.89 (d, 3, CisC), 1.32 (3, 2, ¥Ha), 1.63
[m, 1, CH{C)5], 2.11 (m, 2, THoXiea), 2.17 (s, 6, CHsd),
and 2.62 ppm (m, 2, CYellHe); exact mass of parent lon,
caled 116.13137, found 116.13148.

ansl. Cal:d for CgliyeVa: C, 62.01; H, 13.68;
24.11. Found: C, 61.38; H, 13.78; N, 24.09.

L-¥ethyl-3 L-diazatricyclo[5.2.1.0%"%) -2-decene.--
A solutfon of 20 g (0.164 mol) of 3-methylens-2-nor-
bornanone® in 100 ml of methanol was added dropwise to
14.8 g (0.32 mol) of methylhydrazine in 50 ml of methanol
and refluxed for 3 hr. The solvent and excess methyl-
aydrazine were removed at reduced oressure and the residus
vacuum distilled to give 20.1 g (82:) of clear yellow
1iquid product; bp 56--58° (0.21--0.22 ma); ir (neat) no
3H absorption, 2955 (s), 2875 (m), 2630, 2730 (W), 1630
{w, S=i), 1430 (m), 1250, 1226, 1191, 1160 (w), 1137,
1123 (=), 1102, 953, 932 (w), 905 (m), 569, 832 (), 807
(s), and 759 ca™* (w); pmr (COC15) & 2.72 (3, 3, Clis) snd
absorptlon from 11 other protons spread from 1.17 to 2.67
pom; uv max (n-hexane) 255 nm, (95% ethanol) 246 nm.
This hypsochromic shift 1s in the range of those observed
with some other pyrazolines on going from n-heptane to
ethanol and water.”®

2-(Dimethylaminomethyl Jbenzylamine.--A solution of
3.15 g of sodium borohydride in 12 ml of 8 ¥ aqusous sodiunm
hydroxide was added dropwise to 13.3 g (0.033 mol) of
2 1) le and 5 g of Raney nickel
in 40 ml of methanol. After the evolution of hydrogen had
stopped the solution was filtered, concentrated, and about
half of {t mccidentally spilled. Treatment of the remainder
with 9 g of potassium hydroxide caused the separation of
8@bout 5§ g of an olil that was distilled to give L ml of
o-(dimethylaminomethyl)benzylamine: bp 61.5--62° (0.2 mm);
ir (neat) 3260, 3350 (w, NHy), 3060, 3010 (W, sp-CH), 2975,
2940, 2855, 2810, 2760 (m, sp®-C¥), 1590 (w), 1450 (m),

1350 (m), 1255, 1178 (m), 1100 (%), 1050 (m), 1025 (s), 850,
755, and 740 em * (m); pmr (CDCly) & 1.81 (s, 2, NHa),

2.20 (s, 6, CHsN), 3.43 (s, 2, CHe), 3.84 (3, 2, CHe), and
7.13-~7.38 ppo (m, L, aromatic CH).

Anel. of the hydrochloride. Calcd for CoHyaNaCla:

C, 50.64; K, 7.65; N, 11.81. Found: C, 50.03; H, 7.64;
¥, 11.53.

In another run in which poor quality sodium borohydride
was used the product obtained contained 18% starting
material, but the yield was 65% (corrected for the impurity).

N,M,N',B",2,2-Hexame thyl-1,3-propsnedianine.~~To 9.6 ml
(0.25 mol) of ~/98% formic ecid was edded 4.64 g (0.0357 mol)
of N,N.2, hyl-1,3-p: alowly with cooling
and stirring. After 11 ml (0.14 mol) of 37% formaldehyde had
been added the solution was refluxed for 15 hr, cooled,
acidiffed with 36 ml of 4 } hydrochloric @cid, and evaporated
to dryness. Soiution of the residue in 20 ml of water and
treatment with 20 ml of 18 N sodium hydroxide caused an oil
to separate. The oil was combined with two 1S-ml benzene
extracts of the aqusous layer, dried over potassium carbonats,
and distilled through a 13-cm Vigreux colum to give 3.55 ml
(63%) of N,N,N',K',2,2-hexamethyl-1,3}-propanediamine :
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two nonequivalent hydrogen atems of the methylene part of
the dimethylaminamethyl group should be shifted sbout as
much as that for the dimethylamino hydrogen atoms, the
peaics at 6 5.99 and 2.82 ppm must arise from these two
hydrogen atoms. They split the peak for the vieinal -
hydrogen atom on carban-3 of the ring system into the
spparent triplet seen at 8 4.57 ppm. If this hydrogen atom
were exo its peak should also be split by the vicinal
bridgenasd hydrogen stam with & coupling canstant of 3--L
cps.'” No additional splitting of this magnitude could be
ssen in our apectrum, which 1s consistent with a coupling
constant in the range 0--2 aps to be expected for vicinal
splitting between a bridgehead hydrogen atam and an endo
hydrogen atom."

Reactian of 34.0 g (0.200 mol) af 3-exo-dimethylamino-
methyl-2-norbarnancne with 14 g (0.20 mol) of hydroxylamine
hy at room tempe: , followed by
treatment with 8 g (0.20 mol) of sodium hydroxide gave 30 g
(82%) of a white powder; mp (after recrystallization from
methanol) 184--191%; ir (KBr) 3050, 3175 (s, OH), 2945,
2910, 2850, 2820, 2775 (all s, CH), 1653 (v, C=N), 1430
(s, CHa), 1279, 1250 (w), 1165 (m), 1100, 2042 (v), 1012
(m), 933 (s, NO), 912, and 820 c»™* (m); pmr (CDCls) showed
peaks at 6 2.25 and 2.35, attributed to the dimethylamino
protons of syn and anti isomers, and other absorption from
1.0 to 3.6 ppm (the solution being dilute because of the
low s0lubility of the oxime); exact mass of parent ian,
caled 182.14189, found 182.14223.

4nal. Calcd for CaoHieNeO: €, 65.90; H, 9.95;

W, 15.37. Pownd: C, 65.89; H, 9.96; N, 15.12.
3-ex0-Dime thylaminome thyl-2-sndo-norbornanamin
A solution of 7.1 g (0.039 mol) of the oxime of 3-sxo-
dimethylaminomethyl-2-norbornanone® was refluxed with 6.0 g
(0.15 mol) of 1lithium aluminum hydride In 700 ml of ether

The methiodids (5) was made from 3.47 g (0.023 mol)
of this pyrazoline in 5 ml of benzene by adding 2 ml of
methyl fodide fn 13 ml of benzene dropwise with cooling.
After seversl hours at room temperature filtration and
recrystallization fron methanol gave 4.3y g (65%) of
methiodide; mp 175--178%; ir (KBr) 2940, 2570 (s, CH),
1620 (m, C=K), 1420 (m, Csg), 1290, 1265 (m), 1235, 1120
(W), 1098 (m), 1057, 1010, 992, 955, 945 (w), B70 (m),
800, 763 (w), and 636 cm™* (m); par (Da0)*® 6 3.31 (s, 3,
one CHyi), 3.48 (s, 3, the other CHyN), 3.56--4.33 (m, 2,
CHa¥), and broad abserption from 1.0 to 3.33 ppm.

3-s0do-Dimethyl 1-2-s0do
Gradual additfon of 36 g (0.123 mol) of the methiodide 5
t0 9.5 g (0,25 mol) of lithiun aluminum hydride in 600 ml
of ether was followed by 56 hr of refluxing under nitrogen.
After addition of 10 ml of water, 10 ml of 15% aqueous
sodiun hydroxide, and 30 ml of water with sgitation, the
other layer was sepsrated and the residus extracted with
ether. Concentration and vacuum distillstion of the ether
solutions gave 3.5 g of material whose glpc showed it to
be about 903 pure. Glpc purification on a 12-It, 20%
mannitol, 5% potassium hydroxide, Chromosorb P column gave
pure 3-gndo-d. 1 d 3
ir (neat) 3300, 3370 (v, X¥,), 2945 (s), 2865, 2350, 2610,
2760 (m, C&), 1590 (¥), 1450 (m, Cda), 1370, 1350 (¥),
1290, 1262, 1190, 1162, 1105, 1050 (%), 1022 (=), and 855
en™t (m); par (CDC15) 63.33 (4 of 4, 1, J = 9.5, L.5 cps,
Cij¥H,), 2.18 (s, 6, CHsN), and 1.1--2.9 ppm (@, 13);
exact xass of the parent ion, calcd 168.16264, found

168.16283.
The ether-insolubls materisl from the lithium
alumi; hydride ducti was with warm

methanol. after several recrystallizations from 1:1
methanol--ctnanol these extracts yleldsd 7.84 g (22%) of

9

bp 162°; 1r (neat) 2970, 29u5, 2855, 2820, 2760 (s, CH),
1450 (=), 1375, 1350, 13€0 (%), 1255, 1150 (m), 1120,
1100 (%), 1047 (s}, snd B47 cm * (m); pmr (CC1y) & 0.28
(s, &, CHsC), 2.12 (s, &, CHa), and 2.27 ppm (s, 12,
CH3N); exact mass of parent ion, caled 158.1782, found
158.17846.

Ansl. caled for CgHae ¢, 68.29; #, 1L.01;
¥, 17.70. Pownd: C, 68.11; #, 14.18; N, 17.90.

Although we have found no report of the synthesis or
properties of this compound, its perchlorate has been
patented for use as a propellant.”

o-Bis Ibel --Essentially the
same procedure® described in the preceding Section Was
applied to 19.3 g (0.C98 mol) of 82% pure g9-(dimethyl«
aminomethyl)benzylamine to obtein 15.5 g of B6% pure (by
glpe) o-bis(dimethy: kyl)be: ystalliza-
tion of the hydrochloride and regenerstion of the base
gave 12.3 g of 95% pure material: bp 96--96.5° (8 mm);
ir (neat) 3060, 3015 (w, aromatic CH), 2970, 2940, 2855,
2815 (s, sp®-CH), 1U50 (s, CHa), 1350 (m, CHy), 1300 (¥),
1252, 1177 (m), 1152, 1100 (¥), 1047 (m), 1027, 848, and
752 em™™ (3); pmr (CDCly) 6 2.21 (s, 12.5, CHs), 3.51
(s, 4.0, CHa), and 7.0--7.5 ppm (m, 4.1, CH); monoperchlor-
ate, white needles from E.0, mp 188--189°.

Apal. of the monoperchlorate. Calcd for CyeHa3FaClO:
€, 49.23; H, 7.23; C1, 12.11. PFound: C, 49.12; H, 7.16;
c1, 12.29.




292 J. Org. Chem., Vol. 40, No. 3, 1975

Registry No.—1, 6159-17-7; 1 oxime (Z), 53369-67-8; 1 oxime
(E), 53403-31-9; 2, 53369-68-9; 2 hydrochloride, 53403-32-0; 3,
10289-77-7; 4, 53369-69-0; 5, 53403-33-1; 6, 53403-34-2; 7, 53369-
70-3; 2,2-dimethyl-3-dimethylaminopropanal, 15451-14-6; hydrox-
ylamine hydrochloride, 5470-11-1; 2,2-dimethyl-3-dimethylami-
nopropanal oxime, 7405-24-5; 2,2-dimethyl-3-dimethylaminopro-
pylamine, 53369-71-4; 2-(dimethylaminomethyl)cyclohexanone
oxirae, 53369-72-5; cis -2-(dimethylaminomethyl)cyclohexylamine,
53369-73-6; trans -2-(dimethylaminomethyl)cyclohexylamine,
53369-74-7; 2-methyl-3-dimethylaminopropylamine, 6105-72-2;
4-methyl-3,4-diazatricyclo[5.2.1.026]-2-decene,  53369-75-8;  3-
methylene-2-norbornanone, 5597-27-3; methylhydrazine, 60-34-4;
o-(dimethylaminomethyl)benzonitrile, 53369-76-9; o-cyanobenzyl
bromide, 22115-41-9; dimethylamine, 124-40-3; o-(dimethylami-
nomethyl)benzylamine, 53369-77-0; o-(dimethylaminomethyl)-
benzylamine hydrochloride, 53369-78-1; N,N,N*,N",2,2-hexameth-
yl-1,3-propanediamine, 53369-79-2; o-bis(dimethylaminomethyl)-
benzene, 53369-80-5; o-bis(dimethylaminomethyl)benzene mono-
perchlorate, 53369-81-6.

Miniprint Material Available. Full-sized photocopies of the
miniprinted material from this paper only or microfiche (105 X
148 mm, 24X reduction, negatives) containing all the miniprinted
and supplementary material for the papers in this issue may be ob-
tained from the Journals Department, American Chemical Society,
1155 16th St., N.W., Washington, D.C. 20036. Remit check or
money order for $3.00 for photocopy or $2.00 for microfiche, refer-
ring to code number JOC-75-289.

References and Notes
(1) This investigation was supported in part by Public Health Service Grant
GM 18593 from the National Institute of General Medical Sciences.
(2) J. Hine, M. S. Cholod, and J. H. Jensen, J. Amer. Chem. Soc.. 93, 2321
(1971).
(3) J. Hine, M. S. Cholod, and R. A. King, J. Amer. Chem. Soc., 96, 835
(1974).

Hine and Mookerjee

(4) (@) cf. L M. Jackman and S. Sternhell, “Applications of Nuclear Mag-
netic Resonance in Organic Chemistry,” 2nd ed, Pergamon Press, Lon-
don, 1969, Section 3-8G; (b) Section 4-2AM.

(5) A. F. Cockerill, G. L O. Davies, R. C. Harden, and D. M. Rackham,
Chem. Rev., 73, 553 (1973).

(6) H. Krleger, Suom. Kemistilehti, B, 35, 10 (1962).

(7) F. R Jensen, J. J. Miller, S. J. Cristol, and R. S. Beckley, J. Org. Chem.,
37, 4341 (1972).

(8) B. V. loffe, V. V. Tsibulskii, V. S. Stopskli, and Z. |. Sergeeva, Khim. Ge-
terotsikl. Soedin., 2, 932 (1966); Chem. HeterocycL Compounds, 2,
714(1966).

9) B. V. loffe and V. V. Tsibulskii, Khim. Geterotsikl. Soedin., 6, 1249
(1970); Chem. HeterocycL Compounds, 6, 1166(1970).

(10) cf. B. V. loffe and K N. Zelenin, Dokl. Akad. Nauk SSSR, 144, 1303
(1962); Proc. Acad. Sci. USSR, 144, 546 (1962).

(11) cf. R A Edli, Helv. Chim. Acta, 53, 47 (1970).

(12) J. von Braun and R. S. Cahn, Justus Liebigs Ann. Chem., 436, 262
(1924).

(13) S. W. Fenton and M. W. Hanna, J. Org. Chem., 24, 579 (1959).

(14) Proton magnetic resonance spectra were recorded on a Varian A-60A
spectrometer using tetramethylsilane as an internal standard unless oth-
erwise noted. Melting points were determined on a Thomas-Hoover cap-
illary melting point apparatus without correction. Infrared spectra were
recorded on a Perkin-Elmer Model 337 spectrophotometer. Mass spec-
tra were obtained with an AEl, Model MS-902 spectrometer. Microana-
lyses were performed by the Scandinavian Microanalytical Laboratory.

(15) 1. N. Nazarov and N. V. Kuznetsov, tzv. Akad. Nauk SSSR, Otd. Khim.
Nauk, 516 (1958); Bull. Acad. Sci. USSR, Div. Chem. Sci., 501 (1958).

(16) A P. Terentev and N. I. Gusar, zh. Obshch. Khim., 35, 125 (1965); J.
Gen. Chem. USSR, 35, 124 (1965).

(17) B. V. loffe and K N. Zelenin, zh. Obshch. Khim., 33, 3589 (1963); J.
Gen. Chem. USSR, 33, 3521 (1963).

(13) Sodium 3-trimethylsilyl-Tpropanesulfonate was used as an internal
standard.

(19) S. Marcinkiewlcz, Acta Pol. Pharm., 28, 359 (1971).

(20) O. V. Sverdlova, L. M. Korzhikova, and B. V. loffe, zh. Prikl. Spektrosk.,
8, 118 (1968); J. Appl. Spectrosc. (USSR), 8, 77 (1968).

(21) R. C. Doss, U. S. Patent 3,031,838 (1962); Chem. Abstr.. 57, 7509d
(1962).

(22) cf. R N. Icke, B. B. Wisegarver, and G. A. Ailes, “Organic Syntheses,
Collect. Vol. lll, Wiley, New York, N.Y., 1955, p 723.

The Intrinsic Hydrophilic Character of Organic Compounds. Correlations

in Terms of Structural Contributionsl

Jack Hine* and Pradip K. Mookerjee

Department of Chemistry, The Ohio State University, Columbus, Ohio 43210

Received August 8, 1974

Log y, where y = cwcg, with ewbeing the concentration of a compound in dilute aqueous solution at 25° and
cgthe concentration in the gas phase in equilibrium with the aqueous solution (both in moles per liter), is defined
as the intrinsic hydrophilicity of a compound. Values for 292 compounds are listed, and parameters for a bond
contribution correlation and a group contribution correlation are determined. Major deviations from the correla-
tions arising from distant polar interactions (interactions between halogen, oxygen, nitrogen, or sulfur substitu-
ents separated by more than one carbon atom) are observed. The significance of such deviations and of the rela-

tive magnitudes of the group contributions is discussed.

The hydrophilic and hydrophobic character of com-
pounds23is commonly discussed in terms of data on sys-
tems involving an aqueous phase and some other liquid
phase. Such data, which include water solubilities and dis-
tribution coefficients between water and some other sol-
vent,45have been quite useful. They depend on differences
in free energy (or of enthalpy or some other property) of
the molecules of a compound when they are surrounded by
water molecules and when they are surrounded by mole-
cules of the other solvent. Hence they depend not only on
the nature of the compound in question and on the nature
of water but also on the nature of the other solvent in the
system in question. The interpretation of data may be sim-
plified somewhat if we consider the difference in free ener-
gy of molecules of a given compound when they are sur-
rounded by water and when they are surrounded by noth-
ing, that is, when they are in the gas phase. We shall con-
sider the tendency of a molecule to go from the gas phase to

dilute aqueous solution to be a measure of its intrinsic hy-
drophilic character.

In order to discuss the relationship between molecular
structure and the intrinsic hydrophilic character of com-
pounds in quantitative terms we have carried out correla-
tions in terms of structural additivity schemes. Such
schemes have been used in correlations of enthalpies of for-
mation, entropies, and other thermodynamic properties.6-8
These correlations have been largely restricted to the prop-
erties of compounds in the gas phase. They would be more
useful if they were extended to the common solvents in
which most reactions are run. Such extensions would con-
sist of correlations concerning transfer processes between
tiie gas phase and the solvents of interest. Butler and co-
workers pointed out long ago that the free energy of trans-
fer of organic compounds from the gas phase to aqueous so-
lution is an approximately additive function of the groups
present in the compounds.9-11 Pierotti, Deal, and Derr
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treated about 340 cases, including 71 in which water was
the solvent, by an empirical equation that may be applied
to any compound in any solvent (when the appropriate pa-
rameters have been determined).12 Although this equation
is reasonably economical with parameters in its application
to solvents, in general it is less so when applied to any one
solvent. The 15 homologous series of compounds whose ac-
tivity coefficients in water were correlated required 30 dis-
posable parameters. A group contribution scheme of the
Benson type68would cover all these compounds and many
more with only 24 parameters. For this reason and because
of the increased number of reliable data that have become
available in recent years, we have correlated activity coeffi-
cients in the gas phase relative to aqueous solution using
both a bond contribution and a group contribution scheme.
Not only will such correlations aid in understanding hydro-
phobic bonding23 and in predicting equilibrium constants
for chemical reactions, they will also be useful in studies of
the loss of flavor components from largely aqueous foods,13
the transfer of pesticides and other compounds between
various bodies of water and the atmosphere, and in other
ways. In addition, when either the vapor pressure or the
water solubility of a difficultly soluble organic compound is
known, the other may be estimated from such correlations.

Results

We have tried to correlate values of log 7 for various
compounds, where 7 is the activity coefficient in the ideal
gas phase relative to infinitely dilute aqueous solution. As
shown in eq 1, 7 is taken to be equal to the concentration of

r = c¥lcg (1)

the compound in a dilute aqueous solution divided by its
concentration in the gas phase that is in equilibrium with
that solution. When the compound and water are not very
soluble in each other, cwmay be taken as the water solubil-
ity and c g as the vapor pressure of the compound. We have
made 7 dimensionless by expressing c wand cgin moles per
liter. Data at 25° were used and water solubilities were
used only for compounds whose water solubility is 1.0 M or
less, except for ethyl formate (1.2 M).

The values of log 7, log cw, log cg, and P (where P is the
vapor pressure in millimeters; log cg = log P —4.269) we
used and the appropriate literature references are listed in
Table 1V.14The values of 7 cover a range of about 1010.

The bond contribution scheme used is similar to that of
Benson and Buss, in which certain groups such as cyano,
nitro, and carbonyl are treated as atoms. Thus the contri-
bution of the C-CN bond includes implicitly the contribu-
tion of the carbon-nitrogen triple bond of the cyano group,
and the H-CO bond contribution includes half the contri-
bution of the carbon-oxygen double bond. Olefinic, acetyl-
enic, and aromatic carbon are denoted C(} Ct, and Car, re-
spectively. The contribution for a Cj-H bond (or for any
Cd-X bond) includes one-fourth of the contribution for the
carbon-carbon double bond, and any Cr X contribution
contains half the triple bond contribution. However, the
Car-H contribution does not include a Ca=C ar contribu-
tion. The latter was kept separate so as to simplify the
treatment of data on nonbenzenoid aromatic compounds.
For example, log 7 for naphthalene is equal to eight times
the Car-H contribution plus 11 times the Ca= C ar contri-
bution, and log 7 for pyridine is equal to five times the Car
H contribution plus four times the Ca=C ar and two times
the Ca= N ar contribution. The 34 bond contributions ob-
tained by least-squares treatment of data on 263 com-
pounds are listed in Table I. The 263 values of log 7 calcu-
lated from these contributions, which are listed in Table
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Table |
Bond Contributions to the Logarithms of Activity
Coefficients in the Gas Phase Referred to
Aqueous Solution*

Bond6 Contribution Bond Contribution
C-H -0.11 Car-Br 0.21
C-F -0.50 Car-NCV 1.83
c-ci 0.30 Car’'C -0.74
C-Br 0.87 Car-S 0.53
C-1 1.03 Car CO4 1.14
C—NC 3.28 Car=Care 0.33
c-no?2 3.10 Goar— Nar® 1.64
Cc-O0 1.00 CdH -0.1s'
C-s 1.11 cdci 0.16/
C-N 1.35 cdcd 0.48/
c-c 0.04 cdco4 2A2f
c-co4 1.78 CtEF 0.00
c-cd 0.15' CO-H4 1.19
c-c/ 0.64 co-04 0.28
CAar 0.11 O-H 3.21
Car-H -0.21 S-H 0.23
Ce ClI -0.14 N-H 1.34

“ At 25°. b C without a subscript refers to a carbon atom bound by
single bonds to four other atoms except in CN. cThe cyano and
nitro groups are treated as univalent atoms. dThe CO group is
treated as adivalent atom.e The bond denoted — is the'cr+ + wbond
in an aromatic ring. 1This contribution includes one-fourth the
contribution of the carbon-carbon double bond(s). 6 This contri-
bution includes one-half the contribution of the carbon-carbon
triple bond.

1V, 4 differed frcm the experimental values with a standard
deviation of 0.41. The deviations from about 40 additional
values of log 7, some of which had not been located when
the parameters listed in Table | were calculated but some
of which had been left out of the least-squares treatment
because of their highly deviant nature, tended to be larger
than this. Most of the larger deviations were of the types
that will be rationalized in our discussion of the group con-
tribution correlation.

The group contribution scheme we used is similar to that
of Benson and coworkers.68 In most cases a group is taken
to contain one polyvalent atom and the monovalent atoms
bonded to it, but the group is characterized by the nature
of the atoms to which it is attached as well as those it con-
tains. Thus a methylene group attached to two oxygen
atoms is different from one attached to a carbon and an
oxygen atom. Our notation for group contributions, which
is [CH2(0)2 and [CH2(C)(0)] for the two groups just re-
ferred to, for example, differs from that of Benson and co-
workers in that the atoms contained in the group are not
parenthesized. We feel that the notation [C(H)2(0)2]
makes it less obvious that additional contributions are re-
quired for the oxygen atoms but not for the hydrogen
atoms. The value of log 7 for methyl ethyl ether, for exam-
ple, is taken to be the sum of the four contributions
[CH3(0)], [0(C)2, |CH2(C)(0)], and [CHs(0)]. Instead of
the symbol Cb for benzenoid carbon68 we have used Car to
include the carbon atoms in the rings of polynuclear aro-
matic and certain hetaromatic compounds as well. For ex-
ample, log 7 for pyridine is set equal to SfCajHICar)z] +
2[CarH(Car)(Nar)] + [Nar(CarZ. As in the case of the bond
contribution scheme, Cd and Ct refer to olefinic and acetyl-
enic carbon, respectively. Since any Cd must be attached to
another Cd and any Ct to another Ct, the Cd or Ct at the
other end of the multiple bond is not included in the nota-
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Table 1l
Group Contributions to the Logarithms of Activity
Coefficients in the Gas Phase Referred to
Aqueous Solution*

Group Contribution Group Contribution
CHgiX)6 -0.62 c(c)30) 0.78
ch2(c)2 -0.15 ch2(0)2 -2.54
ch(c)3 0.24 ch(c)(o)2 —1.35¢
c(c)a 0.71 CH2(CJ(0) —0.57"
ch”™cHcJd -0.19 ch2(c)(co) -0.15
cn(c\ (cj 0.29 cjoxcj. -0.43
C(C)3(CJ 0.93 cjco)(cijz2 —0.84c
CH2(C)(Cd) -0.23 CH(CO) 0.28
CH2(Cd)2 -0.31° CHO(Y)f 3.23
CH2(C)(Ct) -0.29¢ co(c)2 4.03
CaH2 -0.41 co(c)(cj 4.26"
CaH(C) 0.22 co(c)(o) 4.09
cdc)2 0.67 co(cj(o) 457+
CaH(Cd) 0.18 CH2(C)(S) -0.02
cdc)(ca 0.86 Cis)(cj2 —0.25"
CtH 0.00*  ch2(c)(n) -0.08
Ct(C) 0.96" ch2en (c X 3.43

0.11 ch2no2(cH 3.27
c.(c)(c,), 0.70 chno2(c)/ 3.53"
cJcars 0.47 0.11*
chf2(c) 0.70c C.(C)(C,)(Nan 0.59
ch2ci(c) 1.05 c™o2cd/ 2.19
chci2(c) 1.33 OH (C) 4.45
CC13(C) 0.80° OH(Cj 4.45;
CHC1(C)2 1.46 o(c)2 2.93
CH2CI(Cd) 061° o(c)(cd 1.25%
CaHCl 0.05*  0(c)(co) -0.53
CtCKcJ, 0.18*  SH(C) 1.56
CH2Br(C) 1.10 SH(CJ 1.56J
CHBr (C)2 1.58*  s(C)2 2.35
CarBrteJ, 0.49 s(c)(c,) 2.30"
cH21(C) 1.14 nh2(c) 4.15
chi(c)2 1.57¢ nh(c)2 4.37
ch2(C)(0) -0.13 n(c)3 4.14
ch(c)20) 0.12 N.(CJ, 3.06

“At25°.6X isC, 0, N, CO, Cd, Car, Ct, or S.“ Based on only one
log y value. d This is one of a set of contributions whose sum was
determined by a considerably larger set of log y values but for which
only the minimum number of log y values required for separation
into individual contributions was available. e This refers to a
carbon atom common to two fused aromatic rings, such as C-9 in
naphthalene. It may not be applicable to the carbon atoms joined
by single bonds in biphenyl, for example. 1Y is C, 0, Cd, or Car.
s Nitro and cyano groups are treated as univalent atoms. h Assigned
the same value as [CarHiCarL]. ' Assigned the same value as
[OH(C)]. JAssigned the same value as [SH(C)j.

tion for the group contribution. Thus the contribution of
an olefinic methylene group is written [C(iHZ] rather than
[CdH2(Cd)].

The values of certain group contributions must be as-
signed arbitrarily.68 Most such assignments were made in
the same way used by Benson and coworkers; e.g.,
[CH3(0)], [CH3(CO0)], [CH3(N)], etc., were all assigned the
same value as [CH3(C)]. We also followed their practice of
treating certain groups, such as cyano, nitro, and carbonyl,
as if they were atoms.

Many of the deviations observed in the bond contribu-
tion correlation may be thought of as arising from interac-
tions between polar bonds. When the polar bonds involve a
common atom, such interactions are included automatical-
ly in a group contribution. The interaction between the two
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Table 111
Distant Polar Interactions in Various Types
of Compounds*

Compounds) Interaction Compound Interaction
Pyrazines -2.26 cis-CHCI=CHCI 0.76
RO-<Jj-(J?-OR -1.58 CICH2CH2Br -0.72
HQCH2CH(OH)CH20H -7.05 BrCH2CH2Br -0.66
HOCH2CH20H -3.02 MeCHBrCH2Br -0.65
(cich2ch2)2s -1.53 BrCH2CH2CH2Br -0.61
P-hocth4no?2 1.12 C1CH2CH2CH2C1 -0.57
cikchci2 -1.12 CI3CCClI3 -0.56
h2nch2ch2nh?2 -1.00 iraws-CHCI=CHCI 0.46
MeCHCICH2XCI -0.98 /*-C6H4Br2 0.27
Cl2CHCH2C1 -0.95 />-HOC6H4Br 0.26
ciZchchci2 -0.92 o-CeH4CI2 0.19
p -HOC6H4ACHO 0.83 m-C6H4CI2 -0.09
cich2ch2i -0.83 P-CeH4C12 -0.07

° Values of (log ylobsd - (log ylcaicd, with the latter being ob-
tained from the group contribution scheme.

carbon-oxygen bonds involving the central carbon atom of
ir.ethylal, for example, is included in the [CH2(0)2] group
contribution. However, early regression analyses convinced
us that interactions between more widely separated polar
bonds were producing marked deviations from our group
contribution correlation. To ignore such interactions would
reduce the quality of our correlation and make the values
of the parameters depend significantly on the particular set
of compounds for which log y values were available. We
therefore decided to obtain contributions for such distant
polar interactions or to neglect data upon which such inter-
actions might have a significant effect. Most distant polar
interactions of a given type appeared in only one of the 292
compounds for which we had log y values. Also, a number
of group contributions appeared in sets of compounds no
larger than the number of parameters to be determined.
Compounds of either of these types were deleted from the
set before the regression analysis because the analysis
would be trivial in such cases. Analysis of the remaining
212 log y values gave two distant interaction parameters
and 49 group contributions (not counting some assigned ar-
bitrarily). From these parameters the log y values may be
calculated with a standard deviation of 0.12, which may not
be very much larger than the average experimental uncer-
tainty. The 49 group contributions are listed in Table Il
with the contributions assigned arbitrarily and 20 addition-
al contributions calculated from data that had not been in-
cluded in the least-squares treatment. Since these latter
contributions are based on small sets of log y values of the
same size as the set of contributions being determined (the
set size being 1.0 in most cases), they are less reliable than
those obtained from the overdetermined system.

The only distant polar interactions (numbers that must
be added to the group contributions to obtain log y values)
that appeared in more than one compound, and hence the
only ones calculated by a least-squares treatment, were the
interaction of the two nitrogen atoms in a pyrazine ring and
the interaction of two alkoxy groups attached to adjacent
saturated carbon atoms. These are the first two entries in
Table Il1l. The other distant polar interactions or sets of
distant polar interactions occurred in only one compound
each and are therefore listed with the formula of the com-
pound in Table III.

Most of the larger interactions seem qualitatively under-
standable in terms of the structures of the compounds in-
volved. Glycerol and ethylene glycol are internally hydro-
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gen bonded in the gas phase. Hence their hydroxy groups
do not gain as much hydrogen bonding on going into aque-
ous solution and their log y values are smaller than would
be expected from [OH(C)] and [CH2(C)(0)] values derived
from data on monohydroxylic alcohols, for which internal
hydrogen bonding is impossible. The third largest interac-
tion, that found in pyrazines, may also be explained in
terms of hydrogen bonding, which we assume is the main
reason that pyridine and most other azines are much more
water soluble than benzene. That is, the large positive
value of [Nar(Car)2] listed in Table Il, which arises from
data on pyridine derivatives, is a reflection of the ability of
the pyridine nitrogen atom to accept hydrogen bonds from
water. The hydrogen-bonding ability of these nitrogen
atoms, like that of other basic atoms of a given type, is
known to be decreased by electron-withdrawing substitu-
ents.15 The value of log K for hydrogen bonding of 3- and
4-substituted pyridines to p- fluorophenol in carbon tetra-
chloride at 25° decreases by 0.24 for each pK unit by which
the basicity in water at 25° decreases.15 Each nitrogen
atom in pyrazine is about 4.8 pK units more weakly basic
than the nitrogen atom in pyridine.16 These numbers seem
large enough to make it plausible that weak hydrogen
bonding to the two nitrogen atoms of pyrazines (relative to
hydrogen bonding to the nitrogen atom of pyridine) ac-
counts for much of the distant polar interaction listed for
pyrazines. A qualitatively similar effect would be expected
for ethylenediamine, but since the amino groups in ethyl-
enediamine are only about 1.0 pK unit weaker than the one
in ethylaminel6 it is not surprising that the distant polar
interaction is smaller than for pyrazines. The interactions
for /3-diethers and for the saturated polyhalides and 2,2'-
dichlorodiethyl sulfide may be rationalized qualitatively in
the same way. Interpretation of the relative magnitudes of
these interactions is probably complicated by the following
facts. (1) Some of the halides are probably of such low ba-
sicity that they are so little involved in hydrogen bonding
with water that further decreases in basicity have little ef-
fect. (2) Some of the compounds, such as those with dichlo-
romethyl groups, may be acidic as well as basic participants
in hydrogen bonding. (3) The strength of hydrogen bonding
depends on the polarity as well as the acidity and basicity
of the interacting species. (4) Some of the interactions list-
ed may contain major experimental errors.

The largest positive distant polar interaction, for p- ni-
trophenol, is probably also attributable largely to hydro-
gen-bonding effects. The nitro group probably interacts
with water largely by acting as a base in hydrogen bonding.
With the hydroxy group, however, hydrogen bonding to
water with the group acting as an acid must be important.
The p- hydroxy substituent acts as an electron donor and
increases the basicity of the nitro group and the p-nitro
substituent acts as an electron withdrawer and increases
the acidity of the hydroxy group. Thus the nitro and hy-
droxy groups in p- nitrophenol may interact more strongly
with water than do the nitro and hydroxy groups in nitro-
benzene and phenol, respectively. The same argument ex-
plains the smaller but still positive interaction observed
with p- hydroxybenzaldehyde.

We do not understand why the interactions listed for the
1,2-dichloroethylenes are positive (although the value for
the more polar cis isomer would be expected to be more
positive, as observed).

Intrinsic hydrophilic character is more simply under-
stood in terms of molecular structure than is the hydrophil-
ic character measured by water solubility or distribution
coefficients. Since a hydroxy group can participate as both
an acid and a base in hydrogen bonding whereas an ether-
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eal oxygen atom can participate only as a base, alcohols
should ordinarily be considerably more hydrophilic than
isomeric ethers. In agreement with expectation y for n-
butyl alcohol is more than 100 times as large as y for its
isomer diethyl ether. In contrast, the solubilities of the two
compounds differ by less than 20%; n-butyl alcohol is al-
ready so strongly hydrogen bonded in the organic phase
that it does not gain as much hydrogen bonding on going
into aqueous solution as it otherwise would.

Although the relative magnitudes of the group contribu-
tions in Table Il tend to agree with common notions con-
cerning structural effects on hydrophilic character, with
the contributions for oxygen- and nitrogen-containing
groups tending to be larger than those for hydrocarbon
groups, it should be remembered that some of the numbers
are the results of arbitrary assignments. In the following
discussion we shall consider only points that are indepen-
dent of such assignments. Some of the contributions reflect
the kind of polar interactions already discussed in connec-
tion with Table Ill. For example, although [CH2(C)(0)] is
essentially equal to [CH2(C)2], [CH2(0)2] is more than two
units smaller. Each of the two atoms lowers the basicity
and, hence, the hydrogen-bonding ability of the other. Nei-
ther of the oxygen atoms is in the CH2(0)2 group, as the
carbon and hydrogen atoms are, but since the CH2(0)2 is
the only group uniquely characteristic of a compound with
two oxygen atoms bonded to the same methylene group,
the interaction appears in the [CH2(0)2] contribution.

The fact that [S(C)(Car)] is about equal to [S(C)Z] where-
as [0(C)(Car)] is considerably smaller than [0(C)Z] reflects
the much greater ability of a phenyl group to withdraw
electrons, by a resonance interaction, from an oxygen atom
to which it is bonded than from a sulfur atom. The fact
that [0(C)(CO)j is still smaller than [0(C)(Car)] reflects the
greater electron-withdrawing power of a carbonyl group.

In applying the group contributions in Table Il to com-
pounds in which significant distant polar interactions seem
possible, the magnitudes of such interactions may be esti-
mated from the interactions listed in Table Ill. Although
the group contribution scheme is to be preferred when the
required group contributions have been (or can be) deter-
mined, the less precise bond contribution scheme presently
covers a significantly larger number of possible compounds.

A brief and preliminary account of this investigation will
appear in a forthcoming book.17
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Table IV. and Activity in the Gas Phase Referred to Dilute Aqueous
Solution at 25°
Compound “log ¢’ Ret.S  -loge? Rer.®
g &
1. Methane T80 139 2.82
2. Ethane 70 139 2.7
5. Propane 50 139 2.85
4. n-sutane 760 139 2.97
2-Methylpropane T80 135 3.07
n-Fentane 512.5 L56  (éb,7,21) 3.27
7. 2,2-Dimethylpropane 750 1.39 3.34
2. Cyclopentane NS im (6a,21) 2.65
n-Hexane 1513 2.09  (&,7,21) 3.96
10. 2-Methylpentane 2.8 L% (6p,721) 3T
11 3-Methylpentane 189.8 199 (6v,7.21) 3.8y
12. Cyclohexane 97.56 2.2  (6a,7,21) 3.18
13. Methylcyclopentane s 213 (6a,7,20) 3.30
4. 2,2-Dimethylbutane 319.1 L.T7  (6y,7,20)  3.67
15. n-Heptane 45.81 2.61 (6v,7,21) 453
1f. 2,L-Dimethylpentane 98.40 2,28 (6y,7,21) k.39
17. Methylcyclohexane b5.33 2.0 (6a,7,20)  3.85
15, n-Cetane W a2 (6,7,20) 5.2 -210  -L55
19. 2,2,k-Trinmethylpentane 2.56 (év,7,21) LT -2.2 ~1.55
Compound -logg, Ref. “log g, Ref. Exptl  Growp  Bond
20. cls-1,2-Dimethyl- WAT  n (6aT,2) k2T (1) “L16 -133 -Lk0
Cyclohexane
21, Ethylene 760 139 233 (3,2 0.9k -0.82
22. Propylene 1.39 232 (3) -0.93  -0.81
25, 1-utene 139 26 (3,3) -Lo1
2. 2-Methylpropene L9 23 (1,3
25. 1-Pentene L46  (6v,7,20) 258 (1,5)
20, trans-2-Fentene .56 (6b,7) 2.5 (1,3,5)
27. Cyclopentene 169 (6a) 210 (1,5)
2. 2-Methyl-2-butene 160 (sb,7,20) 256 (3)
29, 3-Methyl-l-butene 1.39 an (1)
0. 1-Hexene 2.0 {e,7,20) 325 (1,3,5)
*1. Cyelohexene 232 (6,2} 259 (1,3,5)
72, L-Methyl-l-pentene LA (&) 3. {s)
3. trans-2-Heptene 2,60 3.82  (1,3,5)
k. 1-Methyleyclohexene 2.78 3.21 (1)
3%, 1-Getere .00 (60,7 iz (1,5)
2. 1.3-Butadiene .39 L7 (L3)
7. 1,%-Fentadiene 3 Lbo  (6v,7,2) 209 (1,5)
3B, 2-Methyl-1,3-butadiene 550 L55  (6b,7) 20 (1)
29. 1.5-Hexadlene 208 1.95 (60,7 29  (L5)
43, 2,3-Dimethyl-1,3- wE 21 (50) 280 (3
butadiene
Compound Pmm) -log ¢ Ref. -log ¢, Ref. Exptl  Group Bond
1. Acetylene L3 138 (2,3) .01 -0.01
42. Propyne 1.39 1.04 (1,3) 0.35
43, 1-Butyne 139 L2 (1,3 0.12
4. 1-rentyme 16 Lé (L,5) .01
L5, 1-Hexyme 2.2 2.35 (2,5 -0.21
4. 1-Heptyne 2.55 29 (1,35) 0.4k
47. 1-Octyne 3.2 3.66  (1,5) -0.52
4. 1-Nonyne 3.47 L (1,5) -0.77
4o, senzene 2. L% (13) 0.65
0. Toluene 2.61 223 (15) 0.56
91. Ethylbenzene 3.29 2.84 (1-5) 0.5
£2, o-Xylene 3.4k 2.7 (1-3,5) 6
<%, 2-Xylene 3.35 27 (23)
p-Xylene 5.82  3.32 27 (2,3)
5%. Propylbenzene 3.43 b8 ] 3.3 (1-3,5)
¢, 2-Propylbenzene 466 3.60 3.38 (1-3)
57. 1,2,b-Trimethylbenzene  2.10  3.95 3.32 (3,5)
55. Butylbenzene 108 L2 3.9 (1-3)
59. 2-Butylbenzene 1.88 4.00 3.67 (1-3)
0. t-Butylbenzene 221 3.92 3.60  (1-3)
1. t-Amylbenzene 0.97 u.& Laas (2,3)
2. Naphthalene 0.08k 5.3k (23,6a,7)  3-57  (6a,2,3) 177 184
Compound Plmm) ~log < Ref. -log ¢, FRef. Exptl Group Bond
0.0026 6.80  (24) Lbo  (2) 2.59 2.6 2.16
a4 (23) 63 (2,3) 5% 30 nn
so®  (23) 5,05 (2,4) 298 301 3
T80 139 L2 (3,22) z -0.82
TEQ 139 1% (3) z -l.62
750 139 m (3 P -2.02
% 139 Lo (3,22) & -0.02
70. Dichloromethane b2 1.66 (1,21) 0.63 (2,3) z 0.39
T1. Trichloromethane 202.8 L9 (T,20) La (23,5 z 0.80
72. Tetrachlorometnane 109.6 223 (be,7,22) 230 (2,3) £3 La
73, Sromomethane %0 139 081 (3,22) £ 0.55
Th. Ditromomethane n 262 (r,21) 118 (2,3) & 1.53
7. Tribromomethane 6.2 3.7 (n,22) L9 (2,3) z 2.51
7t. Iodomethane L0538 L6 (6e,7.2) 100 (2,3,5,22) z on
TT. Chlorofluoromethane 760 1.39 o.82 (3) z -0.s2
7. Chlorodifluoromethane 750 1.39 147 (3) p 4 -0.81
T9. Chlerotrifluoromethane T50 139 a2 (3) -1.85 1 -l.21
B0. Dichlorodifluorcsethane 750 139 265 (3) -l z -0.k0
£1. Bromotrifluoromethane 750 L3 27 - (3) -3 z 0.5k
£2. 1,1-Difluoroethane 760 139 1 (3 0.08 g -Lko
3. Chloroethane 760 1.39 093 (2,3,5) 0.45 ok -0.29
4. Eromoethane ) 159 (T.2) 108 (2,3,5) 0.51 .48 0.38
Compound Hm)  -log gg Fer -log ¢, Ref. Exptl  Group Bond
5. Iodoethane BE.2 213 (6e,7,2) L& (2,3,5) 0.52 0.52 0.5
82. 1,1-Dichlorcethane  29.5 L9l  (7,2) L3 (23) 0.2 om oz
67, 1,2-Dichloroethane 8.62 233 (r,2) 106 (2,3) Lzr 2200
£6. 1,2-Dibromoethane ns  na (r,2) LT (2,3) Lsk 2200
. 1-Chloro-2-bromoethame 33.1 2.7  (7,21) 132 (2,3) 143 2259
30. 1,1,1-Trichloroethane 120.7 219 (6e,7,2) 2.0 (3,2) 0.18 E
91. 1,1,2-Trichloroethane 2%.13  2.89  (6e,7,21) 146  (2,3) 1s3 238
92 Lla2teecmlo- 595 39 (leT2) LT (3) Lt oassd
ethane
93. Pentachloroethane L5k na (n,2) 26 (3) 10 2220 s
9. Hexachloroethane 0367 L (T,2) 367 (3) ros  1se? 86
95. 2-Chloro-1,1,1- 139 143 (3) ~0.04 -1.38
trifluoroethane =
9. 1,1,2,2-Tetrachloro~  LT.8 259 () 39 (3 -0.60 1 0.2
£ thane -
97. 1,1,2-Trichloro- ko L7 (21) .06 (3) -130 1 ~0.56
*rifluoroethane
98, 1,1-Dichlorotetra- 0 139 3 (3 -1.84 1 -1.37
flucroethane
99. 1,2-Dichlorotetra- T€0 139 309 (3) -1.70 1
thane
100. Chloropentafluoro- %0 139 389 (3) -2.10 1
1-Chloropropane 348.8 L72  (T,21) Lés  (2,3,5) 0.26 0.29  -0.37

Hine and Mookerjee

Table IV (Continued)
Compound log g, Fer. “logg, Ref. Exptl  Growp  Bomd
102. 2-Chloropropane 4821 L59 Lb1 o (2,3,5)
103. 1-Bromopropane 183.7 21 170 (2,3,9)
10%. 2-Eromopropene L 159 (2.3,5)
105. 1-Iodopropane s3.09 2.63 2.2 (2,3,%)
106. 2-Iodopropane 9,01 2.3 2.9 (2,3)
107. 1,2-Dichloropropame  53.61  2.53 L8l (2,3)
108. 1,3-Dichloropropene 1B.25 3.0 1.6 (2,3.5)
109. 1,2-Dibromopropane 5.16 G)
10. 1,3-Dibromopropene 136 bk )
111. 1-Chlorobutane 106.3 2.2 (5)
112. 1-3romobutece (2,5,5)
113. 1-Bromo-2-methylpropane 3,2)
11k, 1-Todobutane (2,3,5)
115. 1,1-Dichlorobutane (5e,21) )
116, 1-Chloropentane (6c,20) )
117. 2-Chloropentane (8e,21) )
11f. 3-Chloropentane .77 2.60 (5e,21) )
119. 1-Bromo-3-methylbutane 3b.62  2.73  (fe,21) (3)
120. Chloroethylene 60 139 )
121. eis-1,2-Dickloro- 227 L% (T,2) G2t
ethylene
122. trans-1,2-Dichloro- 330 L7 (ra) 119 (3,2)
Compound log g, er. ‘log g, Ref.
123. Trichloroethylene .31 2.k0 ($v,7,21) 2.08 (3,2)
124, Tetrachloroethylene  18.47  3.00  (%,7,21) 3.04  {3)
125. 3-Chloropropene L0 (5,21) 128 (3)
12, Chlorobenzene 3.8 (7,2) 2.6k (2,3,5)
127, Sromobenzene 3.55 256 (3,2)
126, 1,2-Dichlorobenzene 1B w0l (T,2) 300 (2,3,5)
129. 1,3-Dichlorobenzene 292 3.8 (r.2) 5.08  (2,3,5)
130. 1,k-Dichlorobenzene LT . ko2 (T.2) 3.28  (2,3,5)
131. 1.k-Dibromobenzene 0.02 5.7 Lot (3)
132. p-Bromotoluene 115 ka 519 (3)
133. 1-Bromo-2-ethylbenzene 0.531 4.5k (a,21) 3.61. (3)
13k. o-Eromocusene 0.20 L.81 L1 (3)
135, Dimethyl ether 750 139 0.00  (10,35)
136, Dimethyl sulfide LBk.g 1.58 (6¢,10,21) 0.45 (10)
137. Dimethoxymethane (35)
138. 1,3-Dicxolane (30)
139. Diethyl ether (3,35)
140. Diethyl sulfide 58.37 250  (6e,21) L5 (2)
141 Methyl propyl ether  45h.6 Le0 (7,2 0.38 (2,5
142. Methyl isopropyl ether STO 151  (T1S2D (33,2,5)
143, Tetranydroturan (30,31)
b, 1,b-Dioxane (30)
Campound Bm)  -legg,  mer “log g, Ref. Bxptl  Growp  Bond
5. Ethyl propyl ether 178 202 (1,21)  0.59 (1) L3 12 o9k
146, Methyl t-butyl ether (33) 162 1z o.orf
14T, 2-Methyltetranydro- (30) 242 20 Lok
furan
148, Tetrahydropyran (30) 22 22 Lo
149. Dipropyl ether 85.0 2,46 (12v,7,21) 161 (12v,2,5) 0.85 115 0.62
150. Diisopropyl ether 151 2.0 (r.2) L7 (10) 039 om o6
151. 1,2-Diethoxyethane B 2m  (r.2) 0.5 (2) 259 255 2.6
152. 1,1-Diethoxyethane k.61 21 (T.2) 0.3 (2) 2.0 g 2.5
153. Di-n-butyl ether (35,7) 0.6 o0.85% 2%
15k, Anisole ESG 3.4 1,21) 288 (10) & 0.84
155. Thicanisole 0.7 k.39 10) 239 (10 .22
156, 2,2'-Dichlorodtethyl  0.106 5.2  (7,21) 231 (5) siod 206
sulfide
15T. Methanol (10,35) 3.72 3.83 3.8
156. Methanethiol %0 139 0.8 (10) 031 o Lo
159. Ethanol (10,35) 3.59 3.70 3.72
1¢0. Ethanethiol 521.3 L55  (8e,21) (2) o.92 0.83
161, 2,2,2-7ri fluoro- (29) 3.1 2 2.53%
162, Ethylene glycol (120) s.0%
1c3. 1-Propanol (128,35) 3.5¢ 3.55 3.5
Compound Plm)  -log gg Ren -log g, Fef. Exptl  Group Bond.
164, 2-Propancl
145, Allyl alcohol
166, 1,1,1-Trifluoro-
2-propancl
167, 2,2,3,1-Tetrafluoro- (29)
propanol
158, 2,2,3,3,3-Fenta- (29)
fluoropropanol
1:9. Hexafluoro-2-propancl (29)
170. Glycerol 12}
171, 1-Butanol (128,35)
172, 2-Butanol )
t-Butyl alcokol 128,35)
. e
.22 Lo
L2
.19 2 12 o
bps (21,7) b0 2.7
L5 .21 k2 3.8 LB s
7 2.37 R
Compound Plm)  -log g,  Ref. Slogc, Ref. Exptl  Growp  Bond
152, 2-Methyl-*-pentanol 5.13 7 <)
154, b-Methyl-2-pentanol 5.45 7.21) (s)
185. 2-Methyl-2-pentanol 7.87 7,21) ()
1-septanol 0.224 21) (128,5)
187, 1-octanol 12¢
16, Phenol (21,10
185, b-aromophenol >
190, L-Nitropnenol (2 .
191, Thiophenol 192 399 (10 212 (1) 157
192. 2-Cresol (2} Wy
193. b-Cresol (z) b
194, L-Mydroxybenzaldehyde 21 o
195. 4-t-Butylphenol 21

19%. Acetaldenyde

a1
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Table IV (Continued)

Compound P(mm) -log &g Ref -log g, Ref. Exptl  Group Bond
204, trans-2-Butenal (28,35) 320 312 nnf
205. trens-2-fexenal (28) 270 am 2Tt
206. trans-2-Octenal (28) 252 246 2u*
207. trans, trans-2,b- (28) b0 32t 33k
Hexadienal
205. Benzaldehyde 1306 bas  (29) 121 (9) 2.95 g 3,226
209. Acetone (11,35) .79 2.80 2.93
210. 2-Butanone (11,35) 2.72 2.65 2.7
211. 2-Pentanone (1) 2.58 2.51 2.58
212. 2-Heptanone (1) am 22 223
213. 2-Octanone (1) 21 2.07 2.06
214, 2-Nonanone (1) 182 Lg3 .88
215. 2-Undecanone (1) 1.58 164 1.53
216. Acetophenone 0.372 L.T0 (6a,7T,21) L34 (2,14,17) 3.36 g 3.50
217, hcetic acid 591 b9z Lok
218, Propionic actd b LTT LTS
219. Butyric acid b.66 b2 b.s8
220. Vethyl formate (18) 2.0 209 2.4
221. £thyl formate 5.4 18 (T.21) -0.08  (5) 194 1.96 1.98
222. Methyl acetate (12v) alks 23 2k
223. Propyl formate 8.8 2.3 (T2 9.51  (2,5) 1.82 1.81 1.81
Compound Pm) -losg,  Ref. “log g, Ref. Exptl  Growp  Bond
22¢. Isopropyl formate Bz.e  2m (T,21) 0.5 (2) 181
thyl acetate (12v) 2.2
220. Methyl propionate 87.0 (71,21) c.15 (2,5) 2.3
227. Isobutyl formate 3.3 (7,21) 100 (2) 163
228, Propyl acetate 33.0 (12v,21) 0.66 (12v,2,5) 2.08
229, Isopropyl acetate 1.2 (1,21) o5k (2,5) 2.08
230, Ethyl propionate 37.8 (7,21) o.éh (2) 2.08
231, Methyl butyrate (1) 2.08
232. Isommyl formate 15.3 3.06  (T,21) 152 (2) P
233, Butyl mcetate 10.8 3.2 n 137 (2,5) 1.50
234, Isobutyl acetate w®n o o301 (T,2) 128 (2,5) 1.90
235. Propyl proplonate 3.4 (T,21) 1.3 2,5) 190
235, Isopropyl proplonate 292 (T L™ (2,5 1.90
237. Ethyl butyrate 3.0 (7,21) L3 2,5) L%
236, Methyl pentanoate (11} 1.90
Amyl ecetate 5.1 7) 1.8 2) LT
2.0, Isoamyl acetate 5 (1.21) La1 (2 L7
21. Propyl butyrate L 7,21 L9z (2,%) LT
242, Ethyl pentancate m L (2.5) 17
243. Methyl hexanoate 1) L7
24, Hexyl acetate 3e2 3T (D 2 2 155
25. Amyl propionate 3 m(F 2.2 2) 155
24, vethyl octancate (1) 138
. Ethyl heptanoate .66 b3 m 2T (2.5) 1.3¢
Methyl venzoate G35 stT o e L3 (2) 3.00
5. Ethylanine (120} 353
50. Propylamine (120) 3.21
51. Butylamine (1zv) 3.17
. Pentylamine (27 2.93
3. Hexylanine 27) 2.6
. Dimethylamine (2n 3.38

(11) J. A. V. Butler and C. N. Ramchandani, J. Chem. Soc., 952 (1935).

(12) G. J. Pierrotti, C. H. Deal, and E. L. Derr, Ind. Eng. Chem., 51, 95
(1959).

(13) Cf. R. G. Buttery, L. C. Ling, and D. G. Guadagni, J. Agr. Food Chem.,
17, 385 (1969).

(14) In the miniprinted section of this paper.

(15) R. W. Taft, D. Gurka, L. Joris, P. v. R. Schleyer, and J. W. Rakshys, J.
Amer. Chem. Soc., 91, 4801 (1969).

(16) D. D. Perrin, "'Dissociation Constants of Organic Bases in Aqueous So-
lution,"” Butterworths, London, 1965.

(17) J. Hine, *‘Structural Effects on Equilibria in Organic Chemistry,”” Wiley-
Interscience, New York, N.Y., in press, Section 1-4.

Appendix

Table IV is arranged in the order: hydrocarbons, halohy-
drocarbons, ethers and sulfides, alcohols and mercaptans,
phenols and thiophenols, aldehydes, ketones, carboxylic
acids, esters, amines, nitriles, nitro compounds, pyridines,
and pyrazines. The regression analyses were carried out
using a computer program (BMDX 85).16 In cases where
there are no entries under P, log cg, and log ¢, the values
of log v were obtained from data in the reference cited
first.1-15.17-35 In most cases the units had to be changed to
obtain the values listed. Data on aldehydes in aqueous so-
lution were not corrected to allow for the amount present
as hydrate (1,1-diol). To permit a direct comparison of the
correlating abilities of the group and bond contribution
schemes, the latter was applied to the same 212 values of
log 7 that had been used for the group contribution correla-
tion. The resulting standard deviation, 0.42, was essentially
the same as that obtained in the bond correlation of 263
compounds that yielded the parameters in Table I and the
calculated values of log + in the last column of Table IV.

To help in assessing the quality of the correlations, a plot
of 10g Ybond US. 10g Yexptl is shown in Figure 1. The quality
of the group contribution correlation may be inferred from
the fact that the standard deviation was only 29% as large
as that in the bond contribution correlation.
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Table IV (Continued)

Compound P(mm) log cg  Ref. -log ¢, Ref. Exptl Group Bond
255. Diethylamine (21 3.02
256. Pyrrolidine (52) 3.2
25T. Piperidine (32) 3.10
256. Dipropylamine (27 2.66
259. Hexamethylenimine (32) 2.92
260. Dibutylamtne (2n 2.30
261. Trimethylamine (21 3.06
262. Triethylanine (em) 2.52
263. n-Methylpyrrolidine (32) 2,96
264, n-Methylpiperidine (32) 2.78
265. Ethylenediamine (19) .67
266. Acetonitrile {10) 2.95
267, Propionitrile {12v) 2.78
268. Butyronitrile (120) 2.61
269. Nitroethane 2.07 296 (7,21) o (2) 2.61
270. 1-Nitropropane 10.20 3.26 (7,21) 0.81 (2) 2.43
271. 2-Nitropropane T4 3.03 (1,21) 0.73 (2) 2.43
272. Nitrobenzene 0.28  4.82 L8 (2,5) 2.72
273. 2-Mitrotoluene o.2" ks 232 (2) 27
274 3-Nitrotoluene o.2" koT ¢ 21 (2) 21
2T5. Pyridine (13) 3.51
276. 2-Methylpyridine (13) 3.52
2T7. 3-Methylpyridine (13) 3.52
278, L-Methylpyridine (13) 3.52
279. 2-Ethylpyridine (13) 3.35
280. 3-Ethylpyridine (13) 3.35
261. L-Ethylpyridine (13) 3.35
282, 2,3-Dimethylpyridine (13} .53
283. 2,4-Dimethylpyridine (13) 3.53
28, 2,5-Dimethylpyridine (13) 3.53
285. 2,6-Dimethylpyridine (13) 337 335 3.5
Compound P(mm) -log LA Ref. -log g, Ref. Exptl Group Bond.
286. 3,4-Dimethylpyridine (13) s.82 3.53
287. 3,5-Dimethylpyridine (13) 3.9 3.53
288. 2-Methylpyrazine (28) 0% L3k
289. 2-Ethylpyrazine (28) Lo st
290. 2-Isobutylpyrazine (28) 0 zea 5.80%
291 2-Fthyl-3-methoxy- (28) .22 1 6,318
pyrazine
292. 2-Isobutyl-3-methoxy- (28) 2.7 1 5.95%
pyrazine

®Vapor pressure of pure solute (mm Hg) at 25°. "e_is the concentration in the gas phase in moles per
liter. ®The first reference cited was used in calculations. ‘¢, is the water solubility (M). ey =

£,/e . the activity coefficient referred to dilute aguecus solution. fSince this iz the only possible

compound that could contaln the required group, its inclusion in the regression analysis would have

been trivial. SSince thiz is one of a set of compounds whose log Y values were used to calculate

set of group contributions of the same size, the calculated value is identical to the experimental one.
hixtrapolated from data at higher temperatures. Data cited in other references differ significantly
from this. Jomitted from the regression analysis because of a distant polar interaction. Mot
included in the regression analysis. This compound contsined a group present only in compounds with
distant polar interactions. Hence neither the intersction nor the group contribution could be

calculated.

log Ybond

log Yexptl

Figure 1. Plot of 10g Ybond US. 10g Yexptl-

References for the Appendix

(1) C. McAuliffe, J. Phys. Chem., 70, 1267 (1966).

(2) N. C. Deno and H. E. Berkheimer, J. Chem. Eng. Data, 1, 1(1960).

(3) F.Irmann, Chem.-Ing.-Tech., 31, 789 (1965).

(4) H. Stephen and T. Stephen, Ed., ‘Solubilities of Inorganic and Organic
Compounds,” Vol. |, Part 1, Pergamon Press, London, 1963.

(5) C. Hansch, J. E. Quinlan, and G. L. Lawrence, J. Org. Chem., 33, 347
(1968).

(6) (a) R. R. Dreisbach, Advan. Chem. Ser., No. 15 (1955); (b) No. 22
(1955); (c) No. 29 (1961).

(7) T. E. Jordan, ‘“Vapor Pressure of Organic Compounds,” Interscience,
New York, N.Y., 1954, ’



298 J. Org. Chem., Vol. 40, No. 3, 1975

(8) H. D. Nelson and C. L De Ligny, Reel. Trav. Chim. Pays-Bas, 87, 528
(1968).

(9) A G. Mitchell, L S. C. Wan, and S. G. Bjaastad, J. Pharm. Pharmacol.,
16, 632(1964).

(20) J. Hine and R. D. Weimar, Jr., J. Amer. Chem. Soc., 87, 3387 (1965).

(11) R. G. Buttery, L. C. Ling, and D. G. Guadagni, J. Agr. Food Chem., 17,
385 (1969).

(12) (a) J. A. V. Butler, C. N. Ramchandanl, and D. W. Thomson, J. Chem.
Soc., 280 (1935); (b) J. A. V. Butler and C. N. Ramchandani, ibid., 952
1935).

(23) é& J. E_Andon, J. D. Cox, and E. F. G. Herington, J. Chem. Soc., 3188
1954).

(14) A Seidell, "Solubilities of Organic Compounds,” Vol. 2, 3rd ed, Van
Nostrand, New York, N.Y., 1941.

(15) G. M. Bennett and W. G. Philip, J. Chem. Soc., 1930 (1928).

(16) W. J. Dixon, Ed., “Biomedical Computer Programs, X-Serles Supple-
ment,” University of California Press, Los Angeles, Calif., 1970.

(17) H. S. Booth and H. E. Everson, Ind. Eng. Chem., 40, 1491 (1948).

(18) R E Pecsar and J. J. Martin, Anal. Chem., 38, 1661 (1966).

(19) F. H. Westheimer and L L Ingraham, J. Phys. Chem., 60, 1668 (1956).

(20) G. R. DeMaré, T. Lehman, and M. Termonia, J. Chem. Thermodyn., 5,
829(1973).

(21) D. R. Stll, Ind. Eng. Chem., 39, 517 (1947).

Kramer

(22) C. G. Swain and E R Thornton, J. Amer. Chem. Soc., 84, 822 (1962).

(23) R. S. Bradley and T. G. Cleasby, J. Chem. Soc., 1690 (1953).

(241 A. Alhara, Bull. Chem. Soc. Jap., 32, 1242 (1959).

(251 G. H. Parsons, C. H. Rochester, A. Rostron, and P. C. Sykes, J. Chem.
Soc., Perkin Trans. 2, 136 (1972).

(26) G. H. Parsons, C. H. Rochester, and C. E. C. Wood, J. Chem. Soc. B,
533 (1971).

(27) A. O. Christie and D. J. Crisp, J. Appl. Chem., 17, 11 (1967).

(28) R. G. Buttery, J. L Bomben, D. G. Guadagni, and L. C. Ling, J. Agr. Food
Chem., 19, 1045(1971).

(29) C. H. Rochester and J. R. Symonds, J. Chem. Soc., Faraday Trans. 1,
1577(1973).

(30- S. Cabani, G. Conti, and L Leporl, Trans. Faraday Soc., 67, 1943

' (1971).

(31) & Sig)ner, H. Arm, and H. Daeniker, Helv. Chim. Acta, 52, 2347 (1969).

(32) S. Cabani, G. Conti, and L. Leporl, Trans. Faraday Soc., 67, 1933
(1971).

(33) J. P. Guthrie, J. Amer. Chem. Soc., 95, 6999 (1973).

(34) J. A Riddick and W. B. Bunger, “Techniques of Organic Chemistry,”
Vol. Il, Wlley-Interscience, New York, N.Y., 1970.

(35) G.J. Pierottl, C. H. Deal, and E L. Derr, Ind. Eng. Chem., 51, 95 (1957);
Supplement, Document No. 5782, American Documentation Institute,
Library of Congress, Washington, D.C.
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The relative facility of an acid in catalyzing the isomerization of methylpentanes to 2,2-dimethylbutane and n-
hexane and the simultaneous deprotonation of carbonium ion intermediates is used to define a selectivity param-
eter, kiawkex = I/E, characteristic of the medium. I/E is used to rank Lewis acids in HBr, HC1, HF, HSO3F, and
CF3SO3H. Data for two I/E scales, one for exchange with isopentane and the other for exchange with methylcy-

clopentane, are reported.

The choice of an acid catalyst for a hydrocarbon reaction
is to a large extent governed by qualitative observations
rather than quantitative information about existing possi-
bilities. This situation exists because the relative acid
strength of important acids is often unknown and because
firm information about the stability of ionic intermediates
in most acids is virtually unavailable.

To help clarify the issues recent work, notably that of
Professor R. J. Gillespie and his colleagues, has aimed at
determining Hammett acidity function values, HO, for sys-
tems employing SbF5as a Lewis acid.1-3 Using nitro aro-
matics as indicators, he has shown that some acids have
about 108 times the protonating ability of 100% H2SOA4.
Acids in this range are generally useful for paraffin-olefin
alkylation, paraffin isomerization, and certain types of
cracking reactions. Using similar techniques we are in the
process of extending Gillespie’s measurements to other
acids, but of added importance, we have developed a new
procedure to classify acids according to the manner in
which they stabilize or interact with alkyl carbonium ions.

Our procedure is aimed at giving us quantitative infor-
mation about the nucleophilicity of a given acid solution.
Specifically it tells us if an alkyl cation can rearrange with
or without deprotonating during its lifetime in the acid. It
should be noted that the nucleophilicity of an acid system
is not necessarily directly related to its acidity as a Br*nst-
ed acid, a property more properly evaluated by an HO type
measurement.

This information is acquired by simultaneously reacting
a hydrocarbon which contains an essentially uniform distri-
bution of tritium around its skeleton with another molecu-
lar weight but unlabeled hydrocarbon over any acid cata-
lyst. A “perfect” acid will allow all isomerizations to occur
without hydrogen exchange while a “poor” acid, which is

unable to stabilize the ion, will tend to induce faster ex-
change than isomerization. The ratio of isomerization to
exchange rate constants, k s,/kexor I/E, is defined as a se-
lectivity parameter which permits the ranking of all strong
acids. This parameter should be useful until alternate ex-
change mechanisms become important. At very high acidi-
ties direct protonation and displacement may become sig-
nificant but it is not a serious factor through 2 M SbF5
HSO3F solutions which have Ho values > —18.

Strategical Approach to the Problem

In order to obtain the selectivity parameter, it is first
necessary to prepare a suitably labeled hydrocarbon. This
was done by contacting 2- or 3-methylpentane with 98%
H2S04 containing tracer quantities of T20 (1 mCi/ml) for
several days. In this acid, the methylpentanes isomerize
without undergoing chain branching rearrangements and
exchange all protons except the tertiary hydrogen.4-13 The
labeled methylpentanes were diluted with unlabeled meth-
ylpentanes and mixed with isopentane (mixture 1) or
methylcyclopentane (mixture 2).

Since it is known that during the isomerization of meth-
ylpentanes to an equilibrium mixture of all isomers there is
a rapid equilibration of 2-methylpentane, 3-methylpen-
tane, and 2,3-dimethylbutane which is followed by a slower
conversion of this mixture to 2,2-dimethylbutane and n-
hexane41415 we choose the rate of the latter process, kiso,
as a measure of the isomerization activity of the acid.

We also measure the rate of depletion of radioactivity in
the total hexane fraction. The isomerization and overall ex-
change processes are both assumed to follow first-order Ki-
netics and the rate constants are obtained from log concen-
tration or radioactivity us. time plots. In the more reactive
acid systems there is substantial uncertainty in the rate
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constants because they are based on only one or two data
points at high conversion levels.

All reactions were initiated with a small but constant
amount of tert- butyl chloride. Some systems were unable
to rapidly attain a steady-state ion concentration and for
these the rate constants are crudely estimated from initial
conversion data only. For most of the systems studied,
however, an error of less than +10% of the reported rate
constants is estimated.

The ratio, K\sJkeX is the selectivity parameter. A perfect
acid would exhibit a ratio of °*° while a “poor” acid would
have a value of zero. Before proceeding further, it is appro-
priate to consider a general reaction coordinate diagram for
the possible isomerization, exchange, and cracking reac-
tions the ions are likely to undergo (Scheme I).

Scheme |
General Scheme Leading to Isomerization, Exchange,
and Cracking via Olefins or Alkycyclopropanes

SOLVATED

CRACKED
PRODUCTS

CRACKED
PRODUCTS

Hexane isomerization can take place with or without H+
exchange, exchange being more prevalent in more nucleo-
philic media. Exchange occurs through alkenes or alkylcy-
clopropane intermediates.25 A potentially bothersome side
reaction is cracking which involves a bimolecular reaction
of the same intermediates and carbonium ions.1617 It is
possible to exchange without cracking if the concentrations
of ions and intermediates are both low.

It is important to note that the relative isomerization
and exchange rates are both assumed to go through a com-
mon carbonium ion intermediate. The ratio k iso/kex is as-
sumed to reflect the properties of the medium and should
be independent of physical factors like stirring rates and
the heterogeneity of the system.

These considerations apply to the major paths for isom-
erization and exchange and are consistent with many stud-
ies in H9S04.4 13 Exchange by other routes has been con-
sidered but are believed to make only a minor contribution
to the data. One alternate path involves the isomerization
of a tertiary tritiated ion to a secondary ion, hydride ab-
straction to this site, and then detritiation by hydride
transfer from the tertiary position. A second involves direct
proton displacement reactions on the paraffins.

The first path is believed to be of little importance be-
cause it depends on a bimolecular reaction involving an ex-
tremely low concentration of secondary ions. The second
path would require an increase in exchange rate with acid
strength but with the possible exception of some concen-
trated SbF5 solutions there is little reason to support this
mechanism in the acidity range being studied.

We arbitrarily use k\so/kex as the selectivity parameter.
It might be better to use k ;go/(ft ex + kcrack), but the select-
ed ratio ought to be a fair indicator of acid character, espe-
cially where side reactions are minimized and we choose to
handle our data in this way.

Experimental Conditions

Reactions have been carried out between —93 and +23°. Ap-
proximately equal volumes of the hydrocarbons and acids were
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Tablel
Low-Temperature Isomerization in Acid Systems
£-CsHi2 + 3-CH3CsHH*

Acid Tt°C

Siso> hr1*

0.5 M SbF5—HSO3F 78 0.02
2 M SbF5—HSO3F 78 0.02
05 M TaF--HSO :iF 78 0.03
2 M TaFs—HSO3F 78 0.04
0.5 M NbF5H S0 3F .78 0.03
2 M NbFs—HSO3F 78 0.03
05 M AIBr3HBr 78 0.02
2 M AIBr3HBT 78 0

05 M AICIg-HBT 93 0

“lsomerizations are of type A only.

used and isomerization and exchange were followed by periodically
withdrawing samples for analysis on a radioassaying gas chromato-
graph system. In every run the reaction was initiated with a small
amount of tert-butyl chloride which was predissolved in the hy-
drocarbons. The concentration of tert-butyl chloride in the acid
was 0.12 M. When using liquid HBr or HC1 a series of experiments
of varying duration was made, each run providing one point for the
kinetic analyses.

Reaction was conducted in a series of small Hastelloy C vessels
which were compatible with the acids studied. The acids charac-
terized in this program are AIBr3-HBr, AICI3-HCI, HF, SbFs-HF,
TaFs-HF, NbFeHF, HSOB3F, SbFsHSO03F, TaFsHSOS3F,
NbFeH SO3F, CF3S03H, SbF5CF3S03H, TaFs-CF3S03H, and
NbFs-CF3S03H.

Measurements were made at several molar concentrations of the
Lewis acid. The range was normally 0.5-2.0 although 5 M SbFs-
HF solutions were also studied. The Lewis acids, AIBr3 and SbFs,
were distilled in glass equipment before use. Aluminum chloride
was sublimed in an N2 atmosphere and TaFs and NbFs were uti-
lized as received from the Ozark-Mahoning Co. Anhydrous HBr
and HC1 (Matheson) were used as received. Hydrogen fluoride was
distilled in an all steel apparatus and H SO0 3F was distilled in glass-
ware. Trifluoromethanesulfonic acid was distilled in glassware and
conductivity measurements indicated it had 2 mol % water. As in-
dicated in the text there is some uncertainty about the stability of
CF3S03H and the solutions containing Lewis acids.

Results and Discussion

It has been indicated that when 3-methylpentane isom-
erizes there are some rearrangements which occur relative-
ly easily and others which occur more slowly. For this work
we distinguish between the reactions which lead to the rel-
atively rapid equilibration of 2-methylpentane, 3-methyl-
pentane, and 2,3-dimethylbutane, which will be called type
A isomerizations, and the isomerization of this mixture of
isomers to n-hexane and 2,2-dimethylbutane, type B. Type
B isomerization rates are used in the selectivity parameter,
hiso/hex-

type of isomerization: definitions

2-MCs 3-MCs ~ 2,3-DMC4 A

2-MCs5 + 3-MC5 + 2,3-DMC4 n-Cée + 2,2-DMC4 B

Type A isomerizations at low rates were found in all HCL,
HBr, and HSO3F systems at —78 or —93° (see Table I).
Type B isomerizations, however, were negligible and the
exchange rates were also relatively slow. These experiments
provide base case or background information for higher
temperature studies but are not used in further assessing
the acid solutions.

The same systems and additional ones based on HF and
CF3SO3H have been studied at ambient conditions. Both
the isomerization and exchange rates are listed in Table II,
and an example of the approach to isomerization and ex-
change equilibrium in 2M SbF5H S0 3F is shown in Figure
1. Both reactions reached equilibrium in less than 2 hr. At
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Table Il
Isomerization and Exchange in Acid Systems, 23°
i-CBH12 + (3-CH3CsHH)*

Acid "B" Aso. hr't  Ax. hl'1 HE
0.7 M AIBr3H BT > 1.1 0.25 > 4.3
2 M AIBrj-HBr » 0.6 0.02 > 35/1
1.9 M AICIj-H CI > 0.8 0.25 >3.3
1.6 M AICI3HC I > 1.6 0.24 > 6.6
0.45 M AlIC13-HC1 1.1 0.74 1.5
0.37 M AICI3HCI 0 0.26 0
HF 0 0.03 0
0.5 M SbF5H F 1.76 0.68 2.6
2 M SbF5HF 2.42 0.69 3.5
5M SbF5HF 2.98 1.84 1.6
0.5 M TaF5HF 0.76 0.56 1.35
2.0 M TaF5HF 0.58 0.07 8.29
0.5 M NbFj-HF 1.37 2.52 0.54
HSO3F 1.42 >3.34 0.42
2 M SbF5HSO03F 1.42 0.79 1.80
2 M TaFj-HSOgF 0.72 0.62 1.16
CFjSOjH 0 >5.92 0
2 M SbF5-CF3S0O3H 2.68 0.62 4.25
2 M TaF5—CF3503H" 4.89 4.76 1.03
2 M NbFj—CF3S03Ha 2.59 >4 .49 <0.58
aUnidentified products formed in this acid.
Time, hr.
Figure 1. Isomerization and excha g equilibrium reached rapidly
in 2 M SbF -HSOaF. RSA orrela specific activity is a measure
of the ctivity of the sample.
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Table 111
Selectivity Parameter, 1 /E

Ha H& HSOR CF3S03H&
SbF5 2.6 3.5 1.8 4.3
TaFs 1.4 8.3 1.2 .0
NbF5 0.5 0.5
N 0 0 0.4 0
“05MMX,.»0MM X
Table IV

Isomerization and Exchange in HSOsF, 23°
MCP + (3-Methylpentane)*

Lewis acid, M Neo *ex I/E
SbF5, 2 2.0 .6 1.2
TaFs, 2 0.8 0.9 0.9
NbF5, 2 0.7 .0 0.7
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. Table V
Selectivity Parameter IS A#ected by the Hydrocarhon

2 MSbFj- 2 MTaFj-
Hydrocarbon HSO3F HSO3F
Isopentane 1.8 12
Methylcyclopentane 1.2 0.9

. TableVl .
Selectivity Parameter of 2 m Acid Solutionso

Acid I/E
AIBr3HBr >35
TaF5HF 8.3
AICI3HCI 8 est.
SbF5-CF3S0O3H 4.3
SbFj-HF (3.5)
SbF5HS03F 1.8
TaF5HSO03F 1.1
TaF 5-CF3S0O3H 1.0
NbFj-CFjSOjH 0.6

0 Obtained with the ;-C5H12- 3-M C5* mixture.

Table VII
Selectivities of 0.5 m Acid Solutions*

Acid he
(0.7) AIBr3HBr 4.3
SbF5HF 2.6
AICIj-HCI 15
TaF5HF 14
NbF5HF 0.5

0 Obtained with the (-C5H12- 3-M C5* mixture.

fin concentrations, and a reduction in acidity of the solu-
tion. The latter effects would tend to accelerate exchange.
Thus, both isomerization and exchange rates should in-
crease upon raising the ionic strength and this is seen in the
data. For example, the isomerization rate constant in 2 M
SbF5HSO03F increased from 1.41 to 2.00 hr-1 when isopen-
tane was replaced with MCP. Offsetting increases in the
exchange rate led tq the compression in Table V.

Ran Ing tPhe ACICS. 1n Table VI, the selectivity parame-
ter for 2 M solutions of the acids listed in Table Il is tabu-
lated. The ordering indicates that AIBr3HBr provides the
best ion stabilizing medium. As there is no simple relation-
ship between this composite property and proton activity
one cannot say that AIBr3HBr is also the strongest
Bn/msted acid. In Table VII a shorter comparison of 0.5 M
solutions is shown.

Although both of the comparisons indicate that AIBr3
HBr provides the most stabilizing acid, the data in these
tables should be used with care. Reasons for caution are
that some of the systems are heterogeneous and there are
large differences in solution properties of the Brr/>nsted
acids. In some cases the data may be biased by cracking or
the fact that some of the acids may be inherently unstable.

These problems clearly exist for A1IC13HC1 where sight
glass studies indicate there is virtually no solubility of
Al1C13 in HC124 and its concentration in hydrocarbons is
likewise known to be low. This system is certainly hetero-
geneous and if reaction occurs in different phases it might
affect the selectivity parameter. Similarly CF3S03H-M X,,
systems may rate highly but the prolonged stability of
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Figure 3. Equilibrium 2.2-DMC4not obtained with NbFs-HF.

CF3S03H is uncertain. In particular, during isomerization
with TaF5CF3S03H a number of low molecular weight
and unidentified products were produced and conclusions
on these systems are tentative.

Another concern is that cracking reactions occurred to
varying degrees with AIBr3HBr, AIC13HC1, SbF5HF,
TaFs-HF, and NbFs-HF during the reactions of isopen-
tane and 3-methvlpentane. Cracking was severely reduced
in later work with methylcyclopentane, and the trends es-
tablished with isopentane have been generally repeated but
full comparisons are not yet available.

In spite of these problems an indication that the selectiv-
ity parameter provides more than a qualitative comparison
of the acids may be obtained by examining the apparent
catalyst life of the 0.5 M solutions of SbF5, TaFr, and NbFs
in HF (see Figure 2). These acids had selectivity parame-
ters of 2.6, 1.4, and 0.5 and both the SbF5 and TaF5 solu-
tions had sufficient catalyst life to allow isomerization to
approach equilibrium. (With SbFs the product distribution
is slightly distorted because of cracking which tends to se-
lectively remove the reactive components leaving an excess
of 2,2-dimethylbutane and n-hexane.)

Of more significance, however, is the observation that in
the NbF5 solution, rapid initial isomerization was followed
by nearly immediate cessation, the reaction stopping with
25% 2,2-dimethylbutane in the product whereas about 50%
should be present at equilibrium. In HF alone, there is es-
sentially no formation of 2,2-dimethylbutane under compa-
rable conditions; see Figure 3.

These results may be taken to mean that following sol-
volysis of the initiator, t-C4H9CI, one generates an alkyl
ion with increasing stability in the acids: HF < NbFs-HF <
(TaF5HF, SbF5HF). In HF, perhaps because its acidity
is lower than the other acids, the initial butyl ion concen-
tration appears to be immediately lowered and whatever C6
ions form do not have sufficient “freedom” or reactivity to
undergo the skeletal rearrangement to a 2,2-dimethylbutyl
ion. In NbF5HF, the Cfi ions first formed do undergo this



302 J. Org. Chem., Vol. 40, No. 3, 1975

rearrangement, but a side reaction which evidently de-
stroys the active isomerizing intermediate must occur si-
multaneously because of the severe change. In TaF5SHF
and SbF5HF the stability of the intermediates is evidently
prolonged because of the relatively smoother and continual
isomerization to equilibrium which is found.

Thus, there is a clear distinction between Lewis acids in
HF which have a high selectivity parameter and allow
isomerization to 2,2-dimethylbutane and those with low
values where the catalyst becomes deactivated. If the com-
parison can legitimately be made between different acids,
HF, HSO3F, CF3SO3H, HC1, and HBr, the selectivity pa-
rameter may provide the first consistent scale for a quanti-
tative comparison between the strong acids. As such, it
should complement acidity function studies (HO) currently
being carried out in these and other laboratories on the
strong acid systems. At this time the ordering in Tables VI
and VIl is unique in providing the first comparison of
AIBr3-HBr, AICI3-HCI, the older strong acid systems, and
a variety of other acids which are of current interest as “su-
peracids,” “magic” acids, and generally strong acid media.

Registry No.—AIBr3, 7727-15-3; HBr, 10035-10-6; A1C13, 7446-

70- 0; HC1, 7647-01-0; HF, 7664-39-3; SbF5, 7783-70-2; TaF5, 7783-
71- 3; NbF5, 7783-68-8; HSO3F, 7789-21-1; CF3SO3H, 1493-13-6;

isopentane, 78-78-4; methylcyclopentane, 96-37-7.
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Selectivity parameter measurements of 2 M mixtures of Lewis acids in Brnsted acids are reported. Overlap-
ping comparisons of inorganic bromides and fluorides in HBr rank the acids as AIBr3> GaBr3> TaFs > BBr3>
BF3, TiF4, HfF4. Lewis acids are found to exhibit their acidity more easily in HF than in HBr. Two scales,
(1/E)i.c5and (I/E)mcp, are found to correlate with one another. They also relate to HO measurements within a
given Br~nsted acid but Hqvalues with different BrOnsted acids do not permit an estimate of the ion stabilizing

properties of the system.

It has recently been proposed that strong acids can be
characterized by their ability to stabilize carbonium ions.1
The ratio of two reactions of methylpentanes, namely the
rate of isomerization to 2,2-dimethylbutane and n- hexane
divided by the rate of exchange of protons with isopentane
or methylcyclopentane, is defined as the selectivity param-
eter, (///?),.c50r (//EJ)mcp, Which measures the ion stabi-
lizing capacity of the acid.

The I/E ratio is an empirical kinetic parameter offering
insight into the overall or inherent ability of an acid to per-
mit the rearrangement of ions with a minimum of proton
transfer from the ion or a protonated alkylcyclopropane in-
termediate to the acid. It does not measure the position of
an ion ~ olefin + H+ or H+R-cyclopropane — H+ + R-
cyclopropane equilibrium, but one would expect that these
shift increasingly to the left as I/E increases.

The initial work provided I/E values for AIBr3HBr,
AICI3-HCI, and SbFs, TaF5, and NbF5 in HF, CF3SO3H,
and HSO3F. Although this permits an immediate ranking

of the acid systems with respect to ion stability it is not
clear if it provides a real comparison of the acid strength of
the Lewis acids since different BrOnsted acids were used as
solvents. Thus, while AIBr3HBr has a larger I/E than
SbFs-HF or SbF5-HSO03F, one may ask if this reflects the
fact that AIBr3is a stronger acid than SbF5or if HBr is a
less nucleophilic solvent which provides a better medium
than HF or HSO3F. One means of answering this is to de-
termine I/E with the same Lewis acids in both HBr and
HF or other solvents. Thus, one of the objectives of the cur-
rent work was to obtain overlapping comparisons of the se-
lectivity parameter and hence the relative strength of
Lewis acids in HBr and HF. Another objective was to eval-
uate awider range of systems than previously studied and a
third objective was to compare the (I/E),.cs and (/3s)mc»
scales more closely. Finally, it was hoped that the I/E
scales could be related to Hq (Hammett acidity function)
measurements which should provide a measure of proton
activity where such data are available.
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.. Table | . )
Selectivity Parameter in 2m Acid Mixtures

303

Cj * 3-MCj* MCP & 3MC5*
Aecid kiso, hr 1 "o hrl He Nison, hr Ya- e’ Yex h'l I7E IKUo>A.
Solvent: HBr
AIBr3 »0.6 0.02 >35 vf >2.46 0.65 >3.8 vf
GaBr3 >2.7 1.05 > 2.6 >3 0.39 0.44 0.9 >4
TaF5 0.028 0.16 0.17 ~3.7 0.024¢ 0.21 0.11¢ 1.9
BBr3 0 ? 0 0.26 0.00.15“ 0.31 0.005* 0.12
TiF4 0 0.32 0 0
bf3 0 0.16 0 0
HfF4 0 0.06 0 0
Solvent: HF
TaF5 0.58 0.07 8.29 vf 0.72 0.34 2.1 vf
0.55 0.20 2.8 vf
SbF5 2.42 0.69 3.5 vf >2.84 1.89 >1.50 vf
>2.59 1.75 >1.48 vf
BF3 >5.50 >4.24 1.30 vf (0.004) 0.35 0.01 2.1
0.026“ 0.07¢
TiF4 >0.035* 0.96 0.036" >2.8 0.001“ 0.49 0.002* 0.08
HfF4 0.035“ 2.76 0.013“ 2.8 0.0006“ 0.69 0.0009“ 0.05
Solvent: HC1
GacCl3 1.39 0.25 5.6 >5.2
AICI3 8 (est) 0.47 0.32 15
BC13 0 0.16 0 0

aEstimated by assuming feiso — %o(&iso)A, as reported in AICI3-HCI at 100° (B. L. Evering and R. C. Waugh, Ind. Eng. Chem.,

1820 (1951)). vf, very fast.

Experimental Section

The experimental conditions were slightly different from those
previously reported.1 The current reactions were carried out in 10-
or 45-ml Hastelloy C reactors with about 1:3 hydrocarbon to acid
volume ratios. Two molar mixtures or solutions of Lewis acids in
hydrogen halides were prepared on the assumption of ideal behav-
ior of the components. Sufficient hydrogen halide was used to en-
sure the presence of a liquid HX phase in all experiments. As be-
fore, a 0.12 M solution of tert- butyl chloride in the hydrocarbon
was used to initiate the reactions.

Commercially available BCI3, BBr3, BF3, TiF4, HfF4, GaCl.s, and
GaBr3 without further purification as well as the TaFs and SbFs
previously employed were used in this work. Selectivity parame-
ters were obtained in HBr, HF, and HC1. Most of the reactions
were run with both isopentane and methylcyclopentane.

Results

A composite of the selectivity parameters obtained in 2
M solutions or mixtures of Lewis acids in HBr, HF, and
HC1 in this and prior work is reported in Table I. The table
lists k jso, the rate constant for the conversion of an equilib-
rium mixture of 2-MC5, 3-MC5 and 2,3-DMCA4 to 2,2-DMC4
and n-C@; kex the constant for proton exchange between
the tritium labeled Cg reactants and unlabeled i- C5 or
MCP; HE which is kIso/kex; and (biso)A, the rate constant
for the conversion of 3-MCs to 2-MC5.

Because of the range of activity of the systems studied,
all of these parameters have been utilized in ranking and
characterizing the acids.

Discussion
(A) Relative Strength of Lewis Acids. In HBr. The

relative strengths of many strong Lewis acids are unknown
although various orders have been proposed. A good review
of the extent and limitations of acidity estimtes is provided
by Satchell and Satchell2and a summary of information on
the metal fluorides has been made by Haartz and McDan-
iel.3 The HE scale may permit a more extensive compari-
son but until now has not allowed a direct comparison of

fluorides with other halides because of differences in the
solvent.

To avoid this problem, HBr was chosen as the common
solvent for' investigating a series of metal bromides and
fluorides. HBr was picked because thermodynamic consid-
erations suggested that metal fluorides would be stable and
not undergo fluoride-bromide exchange. This is primarily
because metal-fluoride bonds are stronger than metal-bro-
mide bonds. Metal chlorides were not studied in HBr be-
cause in many instances they are known to rapidly ex-
change. It should be noted that HF could not be used as a
common solvent for the bromides because of the immediate
formation of metal fluorides.

The Lewis acids studied include GaBr3, BBr3, TaFb5,
HfF4, BF3, and TiF4 in addition to AIBr3 which was inves-
tigated earlier. Experiments were also attempted with SbF5
but mixing was extremely poor owing to its apparent inso-
lubility in HBr and its high viscosity, so that no meaningful
results were obtained. The solubility of the Lewis acids in
HBr was not determined so that the I/E characterization
of the formal 2 M “solutions” is very possibly that of satu-
rated solutions in the majority of cases. Solubility determi-
nations would be extremely valuable but would require
considerably different equipment than was available for
this work. In any case, the systems reported were all well
mixed.

The relative acidity of the Lewis acids in HBr lies in the
order AIBr3> GaBr3> TaFs > BBr3> (TiF4, BF3, HfF4).
This order is deduced by sequentially using the data in
Table | as criteria. First, we use the (I/E)mcp and (HE)hc6
ratios. Next we utilize kiso which is the rate constant of the
slowest rearrangement, and then we turn to (reiso)a . the rate
constant for the facile isomerization of 3-MC5to 2-MC5.

This clearly orders the acids from AIBr3 to TiF4. The
error in determining any of the rate constants increases
with the rapidity of reaction and is estimated at less than
+10% where k is between 2 and 0.05 hr-1. It becomes very



304 J. Org. Chem., Vol. 40, No. 3, 1975

Table Il
lon Stability Is Proportional to Acid Strength in HBr
1 MCP Rel [ R+l ke( [ Ex/ R+
AIBr3 >2.46 1 0.65 1
GaBr3 0.39 0.16 0.44 4.2
TaF5 0.024 0.010 0.21 32.0
BBr3 0.0015 0.0006 0.31 794.0

large with faster reactions and little quantitative signifi-
cance should be placed on such values. In considering the
AIBr3 data in i-Cs, the kiSvalue is certain to be much larg-
er than 0.6 and (7/E),-_c5much larger than 35, the problem
being that the shortest interval used to estimate the kinet-
ics was twice as long as in the other experiments and the
conversion too high to permit a more useful determination.
The AIBr3data in MCP offer a much better idea of its acid-
ity relative to the other acids.

The isomerization rate constants should reflect the
steady-state ion concentrations developed in the MX,,--HBr
solutions:

R* A H* + R= Q)
or
R* A H* + R— <A @
*i *2
HBr + MX, JT-MX,Br-_ H*] [MX,Br".  (3)

B C

The ions should be in equilibrium with olefins or alkylcy-
clopropanes with the proton activity being governed by the
equilibria of eq 3. Presumably, the solvated proton may
exist in either a tight ion pair, B, or solvent separated ion
pair, C, no distinction being made in this work. The con-
centration of B and C ought to measure the Br</>nsted acid-
ity of HBr-MX,, but since K2 may be a function of the
anion as well as of the solvent, and B and C may react at
different rates, it seems unwarranted to take the relative
isomerization rates as more than a qualitative indication of
acidity. Nevertheless, it is interesting to analyze the isom-
erization and exchange data to search for inherent changes
in ion stability with acid strength. This may be done by as-
suming the isomerization rates are proportional to the total
ion concentration in HBr and normalizing the data in
Table 1, to obtain the relative concentration of ions formed
with the various Lewis acids. From these values and the
measured exchange rates the relative rates of exchange or
deprotonation per ion can be calculated. These values are
given in the last column of Table Il and when they are
compared with the ion concentrations in column 3 it is
clear that ion stability is proportional to the total ion con-
centration or the acid strength.

The ordering of TiF4, BF3, and HfFj is less certain than
the other Lewis acids in HBr. One might attempt to place
these in accord with the decreasing exchange rate but as
acidity decreases one expects two opposing factors to be-
come important. These are that the ion concentration
should decrease as acidity drops, suggesting a lower ex-
change rate, but the basicity of the medium simultaneously
increases and this should augment the exchange. It is diffi-
cult to decide which is most significant and hence ordering
solely on the HBr exchange data is unreliable.

(B) Relative Strength in HF. Consideration of the HF
solutions enables one to order the metal fluorides. Again,
some of the mixtures are heterogeneous while others may
be homogeneous. The 2 M mixture of TaF5 far exceeds its
solubility which is ca. 0.5 M but the 2 M SbF5 solution

Kramer

Table 111
Apparent Acidity Deduced from lon Stabilizing Ability
of Lewis Acids in HBr and HEa

HBr (/1e)meF H /B vop
AIBr3  >38

GaBr3 0.9

TaFs 0.11 TaFs 2.1- 28

BBr3 0.0005  SbF5  >1.52
(BF3) b3 (0.01-0.07)
ATIF4V TiF4 0.002
'HIF4' HfF4 0.0009

“ 2M mixtures or solutions.

should be homogeneous. As noted previously, the presence
0: excess TaF5led to a reversal of the ion stabilizing capa-
bility of SbF5 and TaFs which was deduced from I/E
values on more dilute and fully homogeneous solutions.
The list which follows is thus subject to limitations im-
posed by the presence of more than one phase and the se-
lectivity parameter is subject to the unknown influence of
the excess Lewis acid.

The ion stabilizing ability of the metal fluorides de-
creases in the series TaFs, SbFr,? > BF3 > TiF4 > HfF4.
The list is again gleaned primarily from the {I/E)mcp and
(I/B)i_ceratings of the acids. If the HF data in Table | are
probed as was done with HBr to relate isomerization activi-
ty to the rate of exchange per ion one finds that the ex-
change is again inversely proportional to the ion concentra-
tion. The relative ion stability in HF-TaF5 as opposed to
HF-SbF5is uncertain and changes between the isopentane
and methylcyclopentane systems, but carbonium ions ap-
pear to be much more stabilized in these solutions than in
BF3 TiF4, or HfF4HF.

Since SbF5 leads to a much more active isomerization
catalyst than TaF5 the data raise the question of why the
ion stability in TaF5HF appears as high as it does. This
might be because 1/E is artificially high due to the unsus-
pected trapping of intermediates by the excess solid which
could otherwise enter exchange reactions or alternatively
because I/E in SbF5HF is too low. This could be caused
by a rapid proton displacement reaction on the paraffins
but it is difficult to assess this possibility at this time.

The BF3HF system appears to be substantially weaker
than TaFs-HF. In the experiments with isopentane, isom-
erization and exchange both appeared to proceed at very
high rates. However, the apparent isomerization is very
likely due to the occurrence of fast polymerization and
cracking reactions of Cg ions and Cg olefins rather than to a
unimolecular ionic rearrangement. The polymerization-
cracking or disproportionation reactions are known to
occur in this acid.4 Their existence is indicated by the fact
that large amounts of isobutane were formed along with the
isomeric hexanes.

The relatively acidity of HF-BF3is better assessed from
(1£)mcv and the isomerization rate in this system. (7/
-E)mcp is very low and kiso is about two orders of magni-
tude lower than TaFs-HF. The BF3HF system provides
an example of earlier predictions, namely, that low values
of the selectivity parameter would be conducive to destabi-
lization of ions, formation of olefins or alkylcyclopropanes,
and subsequent coupling of these products with carbonium
ions. The apparent acidities of the Lewis acids in HBr and
HF as.deduced from {I/E)-Mcp are shown in Table III.

TaF5 offers the most important overlap between I/E de-
terminations in HBr and HF. The general behavior of these
systems is also shown by a comparison of the {k isp)Adata in
Table | of BF3, TiF4, and HfF4in HF and HBr.
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Table IV
Some Physical Properties o?t?]e Liquid Hydrogen Halides

Property HC1 Ref
Mp, °C -114.25 a
Bp, °C -85.09 a
Entropy of vaporization, eu 20.5 a
Dielectric constant 14.3 at b
158.9°K
11.3 at
188.1°K
Specific conductance, 3.5 x 10"9 c
ohm"lcm"1 at —85°C

HBr Ref HF Ref
-86.92 a -89.37 g
-66.78 a 19.51 h
20.4 a, d 6.117 g
7.33 at e 175 at

187.1°K 200°K
134 at
231°K i
111 at
246°K
1.4 x 10" f 1.4 x 10"5 i
at—83.6°C at —15°C

aW. F. Giaugue and R. Wiebe, J. Amer. Chem. Soc., 50, 101 (1928). bR. W. Swenson and R. H. Cole, J. Chem. Phys., 22, 284 (1954). ¢ G.
Glocker and R. E. Peck, J. Chem. Phys., 4, 658 (1936). dJ. R. Bates, J. O. Halford, and L. C. Anderson, J. Chem. Phys., 3, 531 (1935).
eN. L. Brown and R. H. Cole, J. Chem. Phys., 21, 1920 (1953). f M. E. Peach and T. C. Waddington, J. Chem. Chem. Soc., 2702 (1963).
eJ- H. Hu, D. White, and H. L. Johnston, J. Amer. Chem. Soc., 75, 1232 (1953). hR. L. Jarry and W. J. Davis, J. Phys. Chem., 57, 600
(1953). * K. Fredenhagen and J. Dahmlos, Z. Anorg. Chem., 178, 272 (1929). 1K. Fredenhagen and G. Cadenbach, Z. Anorg. Chem., 178,

289(1929).

The isomerization activity of TaF5 is markedly lower in
HBr than in HF. Thus, (&%®)i-c5is 0.028 hr-1 in HBr and
0.58 hr-1 in HF. Similarly, (&so)MCP is 0.024 hr-1 in HBr
and (0.55-0.72) hr-1 in HF. This behavior suggests that it
is more difficult for a Lewis acid to function as an acid in
HBr than in HF. One reason might be that HBr is more
acidic and less nucleophilic than HF, thus rendering it
more of a discriminating solvent than HF. Another and
perhaps more important factor is that there is a large dif-
ference in solvation properties of liquid HBr and HF pri-
marily because of differences in the dielectric constant.
Table IV contains some of the physical properties of the
liquid hydrogen halides.

The order of magnitude difference in the dielectric con-
stant would be expected to facilitate the separation of ion
pairs in HF whereas dissociation in HBr is highly unlikely
except within polar cavities that might exist like micelles in
solution. Thus, the apparent loss of acidity in HBr may be
related to differences in degree of dissociation due to the
bulk solvent properties.

The solvent properties of liquid HBr are similar to those
of liquid HCL. In view of this and even though we have no
direct comparison of Lewis acids in HBr and HC1 it seems
reasonable to compare the I/E values within these acids di-
rectly. On this basis we conclude that GaCI3HCI, (//
F')mecp = 5.6, IS an exceptionally strong acid system.

The I/E values also indicate that BBr3HBr is more aci-
dic than BCI3-HCI or BF3HBr from which we infer the
Lewis acidity of BBr3 is greater than BC13 or BF3, but the
relative strengths of the latter are uncertain. The results
are consistent with other qualitative estimates of the acidi-
ty of the boron halides.5 .

fé) (1/6)i_c6aNd (17E)mev RANK Acid Systems. It has
already been observed that the exchange rates are a prod-
uct of competing factors, changing concentration, and
changing reactivity, and thus are not simply related to acid
strength. Nevertheless, there are some important points to
be learned from the changes in both the isomerization and
exchange rates found in i- C5 and MCP.

With the stronger acids, AIBr3HBr, TaFs-HBr, TaF5
HF, and SbF5HF one generally finds an increase in
("eX)MCP vs. (kex)i.c5 One also finds equivalent or slightly
accelerated isomerization rates, (&iso)MCP ~ (&is0)i-C5- This
behavior had previously been found with SbF5H S03F and
TaFs-HSCLF,1and had been explained by assuming that
reaction with methylcyclopentane leads to the formation of
a higher concentration of ions than is obtained with isopen-

Figure 1 Correlation between the selectivity parameter in MCP
and i-C5.

tane. The cations are assumed to be intermediates in isom-
erization and hence a high rate is found in spite of the fact
forming a high salt concentration necessarily lowers the
acidity. The effect of the latter should be to accelerate the
exchange.

These effects are found with the stronger acids. In the
weaker acids, BF3HF, TiF4HF, and HfF4HF, the major
effect of using MCP is to lower both the isomerization and
exchange rates, the isomerization rate being most de-
pressed. This implies that although these acids are strong
enough to support the relatively stable MCP+ ion, they are
too weak for less stable tertiary alkyl cations. The observa-
tions are consistent with the view that the rate-determining
step shifts from ion formation via hydride transfer to ionic
rearrangement processes as acidity increases.

The (I/E)i.c6 and (I/E)mcp values are compared in Fig-
ure 1 where the logarithms of the ratios obtained in HBr,
HF, HC1, and HSO3F solutions are plotted against one an-
other. The nonlinearity of the graph indicates that al-
though some relationship exists it is not a simple free-ener-



306 J. Org. Chem., Vol. 40, No. 3, 1975

gy relationship. This is not surprising since the change
from isopentane to methylclopentane has already been sur-
mized to change a number of factors. More important is
that the graph indicates that I/E in any acid may be com-
pared with I/E in any other acid as an index of the relative
strength and ion stabilizing capacity of the system. In other
words, the graph supports the proposal that I/E be used to
rank acid systems.

I/E and H> A Limited Correlation. How do acidity
scales determined by HO compare with the ranking of the
same acids via the selectivity parameter? In Table V and
Figure 2 comparative data for homogeneous HF, HSO3F,

TableV

e <'|EX-c5
HF 11.2-11.7 0
2 M SbF5-HF 15.3 35
2 M TaF5-HF, sat. 13.5 8.29
HSOs3F 14.5-15 0.42
2 M SbFj-HSOjF >18 1.80
2 M TaF5-HSO3F 16.7 1.16
CF3S03Hc 13 0
2 M SbF5-CF3S03H >18 4.25
2 M TaF5CF3S03H 16.5 1.03
2 M NbF5-CF3SO3H <0.58
0.5 M SbF5-HF 15.1 2.60
0.5 M TaFsHF 13.5 1.35
0.5 M NbFsHF, sat -13.56 0.54

0 Ho values were determined using indicators proposed by, R. J.
Gillespie and T. E. Peel, Advan. Phys. Org. Chem.. 9, 1 (1971);
J. Amer. Chem. Soc., 93, 5083 (1971); 95, 5173 (1973). 6 From con-
ductivity: H. H. Hyman, L. A. Quarterman, M. Kilpatrick, and J.
J. Katz, J. Phys. Chem., 65, 123 (1961). c The CF3SO3H used was
an aged acid.

Kramer

Figure 2. The selectivity parameter follows Ho in a given acid.

late in such a way as to permit measurements on one scale
to uniquely define those on the other. This raises the im-
mediate question of which scale is best suited for evaluat-
ing catalytic systems and which scale is best suited for eval-
uating acid strength. The apparent correlation of (I/E c¢5
with (I/E)mcp described in the last section suggests that
the I/E scales may provide a more consistent means of
characterizing different acid systems than H o0, but they

. Table VI
Lewis Ac?d?ty Orders

Order

BF3 > TaF5 > NbF5 > TiF,, > PF5> SbF3 > WF6 »

SiF4 ~ CrF3
AsF5~ BF3> PF3 ~ WF6 > NbF5 ~ TaF, > SiF4 ~
CrF3

SbF5 > AsFs > BF3 > PFs5

AsF5 > PF5 > BF3

BF3 = SbF5 = AsF5 = PF5> GeF4 > TeF6 >
SeF4

AsF3 > BF3 > SiF4> AsFs > pf3

AsF5 > PF5 > BF3 > SiF4 >mAsF3 > SF4, SF5

SbF5 > TaF5 > NbFs;BF, > TiF4 > HfF4

SbF5 > TaF5- NbF5

SbF5 ~ PF5 > BF3

SbF5 > AsF5= BF3 > PF5= SnF4 = ReF6= WF. =
MoFe = VF5 > IFS= TeFs = GeF4 = TaF5 = NbF5
> SeFj = SiF4 = TiF( > SbF3 = A1F3 = CrF3 =
BeF2

InF, >

and CF3SO3H systems are shown. It would obviously be de-
sirable to have a more extensive set of data to better estab-
lish the relationships but it seems clear that I/E is a com-
plex function of HO and the specific acid medium. Con-
versely, H 0 is also not a unique function of I/E .

Figure 2 suggests that in a given medium the selectivity

parameter is linearly related to acidity measured by H 0O

and hence a linear free-energy correlation exists. The main
point, however, is that we now have an added scale to use
in evaluating acidic systems. The two scales do not corre-

Method Ref
Solvent extraction of ArH*MF,, 6
Solubility of Lewis acid 7
Decomposition of complex 8
Displacement reaction 9
Salt formation 10
F" transfer from SF6 11
lon cyclotron spectroscopy
Selectivity parameter 1
Conductivity 12
Solvolysis constants salt formation 13
Solubility, salt formation 14

have the drawback of not being easily related to proton ac-
tivity.

The relative acidities of metal fluorides determined in
these studies may be compared with Lewis acidity orders
from previous investigations. This is done in Table VI.

The data indicate a general agreement in the ranking to
be deduced from a large variety of techniques. It is not our
intention to review these studies but simply to indicate
that the selectivity parameter is quite consistent with a
large body of information.



Solvolysis of 2-Bromo-2-methylpentane

Summary

Selectivity parameter measurements have been made on
aseries of 2 M mixtures of metal bromides and fluorides in
HBr and HF. The Lewis acids have been ranked in the
order AIBr3 > GaBr3 > TaFs5 > BBr3 > BF3, TiF4, and
HfF4in HBr and TaFs SbFs? > BF3 > TiF4 > HfF4in HF.
The order is based on the ability of the system to support
isomerization relative to proton exchange. It is subject to
the unknown effect of comparing homogeneous with heter-
ogeneous systems, and the fact that the selectivity parame-
ter for SbF5and TaFs5in HF inverts as the concentration of
the Lewis acid increases is an unresolved puzzle.

The Lewis acids tend to exhibit a higher selectivity pa-
rameter in HF than in HBr. This is attributed mainly to
the enormous difference in dielectric constant and hence
dissociative tendencies in the solvents. This overcomes the
fact that HBr is more acidic than HF and therefore is a
more discriminating rather than a leveling solvent.

The (//£);. crscale was found to be related to (1/E)mcp.
with measurements being compared in different Bn/msted
acids. This suggests that these scales may provide a basis
for comparing the acidity or at least the catalytic activity of
Lewis acids in varied media like HBr, HF, and HSO03F.

The 1/e scale in any one acid appears to correlate with
H 0 but since the correlation depends on the solvent one
cannot use 1/ to predict H o in an unknown solvent or,
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vice versa, one cannot use H 0 to infer the ion stabilizing
properties of the acid.

Registry No.—HBr, 11035-10-6; AIBr3, 7727-15-3; GaBr3,
13450-88-9; TaF5, 7783-71-3; BBr3, 10294-33-4; TiF4, 7783-63-3;
BF3, 7637-07-2; HfF4, 13709-52-9; HF, 7664-39-3; SbF6, 7783-70-2;
HC1, 7647-01-0; GaCl3, 13450-90-3; A1C13, 7446-70-0; BC13, 10294-
34-5; HSO03F, 7789-21-1; CF3S03H; 1493-13-6; NbFs, 7783-68-8.
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Solvolysis in Dipolar Aprotic Media.L1. Production of Water-Extractable
Bromide vs. Olefin Distribution in the Course of the Solvolysis of
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An investigation about the kinetics of the solvolysis of 2-bromo-2-methylpentane (1) in DMF was conducted
using different titration procedures, following distributive extraction between CCl4 and water, and gas chroma-
tography. The reaction picture allowed division into distinct phases. The last of these is dominated by an autoca-
talytic second-order elimination with a notable Saytzeff character (94%) for which kinetic parameters could be es-
timated. The initial phase shows a remarkable instantaneous release of titrable bromide until a given level is
reached; this is attributed largely to the formation of un-ionized species, probably ion pairs. Elimination in this
phase has a less pronounced Saytzeff orientation (40-50% terminal olefin) and is thought to be mostly a secon-
dary process, probably succeeding to the formation of a cationic intermediate (RDMF)+ by solvent substitution.
Radiobromide experiments showed a rapid incorporation of 8Br into a CCl4-extractable form, which was com-
pletely inhibited by growing Cer-, and a slower one which remained unaffected.

Solvolysis in aprotic media of alkyl halides and related
compounds, carrying good leaving groups, has, on the
whole, received only little attention. With a few exceptions,
the scanty data available2-3 have been obtained in view of
an extension of solvent-reactivity correlations. In view of
the well-established properties of DAS4 (substantial ioniz-
ing power, high nucleophilicity and basicity, etc.) a more
probing investigation was justified.

In 1957 Ross and Labes3b determined some first-order
rate constants for the hydrogen halide production from t -
BuCl, dimethylneopentylcarbinyl chloride, and t-BuBr in
DMF (and iV-methylpropionamide). Kornblum and Black-

wood3ahad already noted a halide ion production by sever-
al alkyl halides in DMF. Among these was t -BuBr, but also
there were Mel and benzyl bromide, the latter two being
unable to decompose by elimination. In neither study has
an elucidation of the elimination or of the salt-forming
mechanism been attempted.

In this paper the decomposition of 2-bromo-2-methyl-
pentane (1) in dimethylformamide (DMF; @5 36.7) is de-
scribed, as studied by (a) different distributive extraction
procedures, using carbon tetrachloride and water, and (b)
gas chromatography. Radiobromide incorporation has been
followed under comparable conditions.
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Experimental Section

Materials. Dimethylformamide (DMF, Fluka Puriss) was dried
on Molecular Sieves 4A (Merck) and fractionated in vacuo (5 mm)
from P205 (Merck p.a.), as described by Ritchie and Megerle.5 A
specific conductivity below 4 X 10-7 mho was used as the criterion
for the collection (under dry nitrogen) of the usable fractions. 2-
Bromo-2-methylpentane (1) was generated (bp 70° (100 mm))
from 2-methyl-2-pentanol and PBr3 at —20“. The alcohol itself
was prepared by Grignard reaction from propyl bromide and ace-
tone. Other reagents were available commercially and purified by
standard methods.

Methods. Kinetic measurements were made by analyzing ali-
gquots (1-2 ml) taken at appropriate times from the thermostated
reaction mixture (usually 65-200 ml), contained in a closed vessel.
The crude sampling was done with a syringe through an inert sep-
tum, and, after quenching at 0°, a known amount (1 or 2 ml) was
withdrawn with a calibrated pipet and transferred to a mixture of
5mlof CCl4and 10 ml water at 0“ (method A). After energetic and
prolonged shaking, the phases were separated by centrifuging
(3000 rpm).

In some experiments the sample was first added to the same
amount of CCl4 and the mixture was stored at 0“ for 5 min before
extraction with water (method B). This allowed the recombination
of some DM F-solvated species that are subject to rapid hydrolysis,
but it left unaffected the inorganic bromide which had been
formed. Longer residence times did not improve the results. Ini-
tially 0.05 M aqueous NaOH was used instead of water, but this
was found to be superfluous.

Titration Procedures. Both bromide and hydrogen ions were
titrated potentiometrically with aqueous AgNOj and NaOH. For
dilute solutions the end point was established by Gran lineariza-
tion.6

Olefin determinations in the organic layer were sometimes car-
ried out by an adaptation of the method of Colter and Johnson,7
consisting in the addition of bromine (1 or 2 ml of 0.200 M aque-
ous KBr-KBr03,5 ml of acetic acid, and 2 ml of 6 IV sulfuric acid
per 5-ml sample), conversion of the excess into iodine with aque-
ous KI (5 ml, 1 N), and titration with 0.1 N thiosulfate after 30
sec. With actual samples from the reaction mixtures, a stable end
point could not be obtained, probably due to the presence of un-
reacted tertiary alkyl bromide. This of course severely limits the
quantitative interpretation of these results, as olefin concentra-
tions may have been underestimated by as much as 10-20%. Im-
provement on the current procedure has not been undertaken,
however, as only semiquantitative use was made of these results in
confirming a trend established by other means.

Gas Chromatographic Determinations. separation of the ole-
fins was effected on a 6-m column filled with 17% Apiezon L on
Gas-Chrom P (80-100 mesh) at 50°, using hydrogen as the eluent.
Before the analysis, the sample was fractionated at water-tap vac-
uum, through a small Vigreux-like column, for 20 sec (when only
product distribution was to be determined). To measure olefin
yields, cyclohexene was added as an internal standard. In these
cases, fractionation had to be prolonged for 3 min to ensure quan-
titative transfer of the standard. Since this resulted in the distilla-
tion of a minor part of the substrate, which was found to show
some decomposition on the column, the method could not be con-
fidently used to determine low reaction yields. Before and after the
treatment, samples were stored in liquid nitrogen.

Radiobromide Incorporation. 82Br- was commerically avail-
able from SCK (Mol, Belgium) as an aqueous solution of ammo-
nium bromide. The original solution (4 ml) was evaporated to near
dryness (approximately 0.1 ml) and a stock solution was made by
addition of 1 ml of DMF. Of this, amounts of 20-100 (exceptional-
ly 500) (d were added to 65 ml of DMF solution in actual experi-
ments. The extra amount of water thus introduced into the reac-
tion medium may be estimated as 30-150 ppm, the lower value
being related to the more important results at high specific activi-
ty. Total activity amounted to approximately 0.08 /¢,Ci/ml in all ex-
periments.

Except for the addition and ultimate assay of radioactive mate-
rial, the design of the experiments was identical with that of the
above kinetic runs followed by distributive extraction between
water and CCl4.

The samples were counted in a well-type scintillation detector,
equipped with a Nal crystal (Tracerlab P-20 C). Corresponding or-
ganic and aqueous samples were always counted in immediate suc-
cession, thereby obviating the need for corrections for 8Br decay,
as only activity ratios were wanted. These were obtained from the
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mean of three determinations after correction for dead time and
for volume differences.

Experiments were carried out with substrate concentrations of
approximately 0.1 M, with and without addition of NaBr (ap-
proximately 0.2 M).

Treatment of Kinetic Data. Generally, the reaction picture ob-
tained was too complex to be amenable to kinetic analysis. In some
experiments, however, standard kinetic analysis was used to show
trends or to estimate some rate constants.

Dominance of autocatalytic reactions was demonstrated by plot-
ting log X/(a - X) against time, where a is the initial substrate
concentration and X is the bromide ion concentration, as calculat-
ed from the titration results, which clearly differs8-10 from the true
[3r~].

W hen excess Br is added, the above consideration applies only
to a lesser extent. Dissociation of the formed HBr will probably be
suppressed to a high degree. Consequently, estimation of fc2,Br-
was here carried out on the basis of pseudo-first-order kinetics,
which allowed easy correction for true first-order solvolysis.

The values stated have not been corrected for incomplete disso-
ciation of NaBr. A crude estimate, based on a published value of
pRdiss!l and asimple Debye-Huckel correction leads to a = 0.87.

Results

Reaction Picture. The reaction has been studied under
varying conditions of initial substrate concentration (in the
range 0.07-0.5 M) and temperature.

Figure 1 exemplifies the general appearance of the
course of solvolysis as followed by bromide titrations
(method A) and gc. The notable concurrence of both types
of measurements indicates that elimination is the sole net
process of the main part of the reaction. The striking varia-
tion of the olefin distribution during the reaction, however
(Figure Ib), implies that in fact several different elimina-
tion mechanisms are operative. We found that generally,
three consecutive phases could be distinguished: (a) the
initial phase, characterized by the occurrence of an almost
instantaneous release of titrable bromide followed by a
rapid levelling off, manifesting at most a small rise in con-
centration of the same, and by a rather unexpectedly high,
though falling, initial percentage of terminal olefin (2:50%
2-methyl-l-pentene); (b) a phase of transition, where bro-
mide production appears to be resumed and which may in-
clude a first-order elimination as the major feature, with a
regiospecificity of approximately 40% 1-olefin; (c) the auto-
catalytic phase, where the data are reasonably well amena-
ble to treatment by autocatalytic kinetics. In this last case
a pronounced Saytzeff orientation is noted.

The Autocatalytic Elimination (Phase c). In view of
the now well-known basicity of halide ions in aprotic
media, limiting E2-type eliminations, caused by Br*, and
most probably HBr2*, too, are not unexpected, as these
ions are generated in the solution. Comparable reactions
have recently been studiedi2 and were identified as E2C, as
designated by Winstein, Parker, and their coworkers.12a

At a c 1oisubstr of approximately 0.46 M our present data
are reasonably well in agreement with autocatalytic kinet-
ics from 25 to 90% conversion at 30 and at 45° and from 45
to 90% at 60°. In fact, perfect agreement is not likely be-
cause of the fact that the titration results are not really
proportional to CRr- and because of the expected impor-
tance of HBr~T ions and the attendent elimination reac-
tion.

Estimates for k K2,30 of the reaction

Br" + RBr —» olefins + Br" + HBr

have been obtained, by use of method A and H+ titration,
the reaction mixture containing, besides 1 (Co 0.1 M),
also NaBr (C0 ~ 0..1-0.2 M). The estimated mean of 3.8 X
10-4 sec-1 mol-1 compares well with the rate constant of
related E2C reactions of halide ions in DMF and ace-
tone.1211"13 It is in accord also with the apparent rate con-
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Figure 1. (a) Course of solvolysis of 1 (CO = 0.47 M) in DMF at
30.0°, as measured by bromide titration and gc (olefin determina-
tions). (b) Attendent olefin distribution (gc).

stant “E2,app30 = 1.4 X 10-4 sec-1 mol-1 for the autocataly-
tic phase of solvolysis (CO,i = 0.46 M), taking into account
incomplete dissociation of HBr etc. Addition of 10~2 M pic-
ric acid does not affect the reaction rate.

The regiospecificity for this phase was determined by
adding an even more substantial amount of NaBr (CNaBr ~
0.5 M, Ci = 0.1 M). An essentially constant product orien-
tation of 16.1 + 0.5% 1-olefin was obtained over the whole
course of reaction (and was equally unaltered by addition
of 10-2 M picric acid).

Conceivably, when smaller substrate concentrations
(e .g of the order of 0.1 M) are used, the relative impor-
tance of the autocatalytic part of the reaction in solvolysis
is decreased and its dominance is postponed. These condi-
tions evidently are more convenient for the study of the
genuine solvolytic phenomena.

The Initial Phase (Phase a). This part of the reaction
picture offers some rather unusual features; viz., an imme-
diate and fast rise of titrated bromide, suddenly followed
by a very marked leveling off (Figure 2a). This aspect is
most readily observed at lower temperatures, e.g., 30°. In
the experiments at 45° its occurrence is reduced to a
“shoulder” and can only be conjectured at 60°. The use of
substrate concentrations in a range of 0.07-0.1 M allows
the observation of an almost constant level of apparent
CBr-, for more than 200 min (!) as evidenced by Figure 2a.
Under these conditions, this steady-state Cbf amounts to
more than 20% of the total bromide, although its absolute
value remains of the order of 0.02-0.025 M in all experi-
ments. However unusual, these results stand not alone in
the literature. Winstein, et al.,14 gave a cursory descrip-
tion of an analogous albeit less pronounced phenomenon,
observed after dissolving t- BuBr in acetone, however,
without explanation. The similarity of the substrate and
the dipolar aprotic character of the solvent induce us to be-
lieve that in these media this behavior is of some generali-

On the supposition that acid production itself could in
any way have brought about the leveling off, picric acid was
added, which at the concentration used (10-2 M), is com-
pletely dissociated.9 In fact, the image of the experiment is
greatly changed. Bromide titration now shows a slow, linear
increase, although still starting at a level of 0.007 M which
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Figure 2. (a) Course of solvolysis of 1 (Co = 0.088 M) in DMF at
30.0°, as measured by Br~ and H + titration, (b) Attendent olefin
distribution (gc).

Figure 3. course of solvolysis of 1 (Co= 0.10 M) in DMF at 30.0°,
in the presence of 0.01 M picric acid. The lower curve represents
results obtained by method B (5-min residence time in CCl4, prior
to water extraction); the upper curve represents results obtained
by method A (immediate distributive extraction with a water-CCU

mixture).

seems to have been formed instantaneously, right at the
start of the solvolysis. The lowering (from 22 to 7%) is more
suggestive for a salt effect than for inhibitory action.

A refined extraction method was then devised (method
B) whereby the samples were given a residence time of 5
min in CCIl4 before extraction with water. Figure 3 (lower
curves) establishes that the instantaneous release of titra-
ble bromide is due, not to HBr or its ionization products,
but to some species able to recombine in a medium of low
ionizing power While being subjected, on the other hand, to
immediate hydrolysis during water extraction. It would ap-
pear to us that some kind of ion pair is the species most
likely to display this behavior. In the course of the reaction,
part of the recombinable bromide may well be present as
free ions, provided a cationic solvolysis product is formed
simultaneously. The lower curve may then be identified
with the total elimination. Its sigmoidal shape and the low
initial rate suggest that, at least in this phase of the reac-
tion, the elimination consists largely, if not wholly, of a sec-
ondary process. The important primary process may then
be thought of as a first-order substitution by the solvent to
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Figure 4. Incorporation of added 82Br~ into a CCh-extractable
form during Br* -induced E2 elimination of 1in DMF at 30.0° (Co
= 0.097 M; CNaBr = 0.207 M; approximately 0.08 jjCi 82Br/ml).
Relative activities of CCl4 and water layers after distributive ex-
traction were corrected, as shown, for substrate decomposition.

yield a cationic intermediate of probable structure RDMF+
(215™18

2: RDMF+ - R\ ~ CH\ NMe2 — R\ O/CHNjMe2

This is in accordance with the observation of Kornblum
and Blackwood3d that halide ion was liberated from methyl
iodide and from benzyl bromide in DMF.

In fact, several of our own experiments demonstrate that
acid and olefin production are lagging behind bromide for-
mation. In a consistent manner, titration for Br~ gave high-
er results than acid determinations. Figure 2a shows an
outstanding example. Olefin titrations, though less quanti-
tative, confirm these data. Noteworthy is the fact that, in
all cases studied, the resuming of apparent bromide pro-
duction coincided with the disappearance of any apprecia-
ble difference in analysis results.

Olefin distribution of this phase is shown in Figure 2b.
Starting at approximately 50% l-ene, this value is slowly
lowered to 46% l-ene at the end of the phase. By compara-
ble determinations with 10-2 M picric acid added (Co,Substr
= 0.096 M), an essentially constant amount of 41% (41.1 +
0.8%) was found. This value may be attributed reasonably
well to the elimination of intermediate 2. The true regio-
specificity may be somewhat higher still, as even here a
contribution of the autocatalytic Br_-induced elimination
is to be expected.19 The initial product orientation in ab-
sence of any addition suggests that at the very start of the
solvolysis still another elimination mechanism could be op-
erative, endowed with a regiospecificity close to Hofmann
direction! This characteristic probably excludes a straight-
forward E 120’21 mechanism, which moreover would not be
inhibited by increase of acid concentration or of ionic
strength.

To our knowledge the only previous record of a product
distribution attending solvolytic elimination in a dipolar
aprotic solvent was made by Parker and coworkers, who
noted 50% l-ene for the elimination of tert- pentyl bromide
in acetone at 50°.22

The Intermediate Region. In view of the foregoing dis-
cussion it is doubtful that this region should be considered
as a phase with proper identity. Indeed, it is more likely
that the apparent resuming of bromide production is noth-
ing but the visible continuation of a process which was pre-
viously concealed by the superposition of the initially high
level of ion-pair concentration. This interpretation is corro-
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Figure 5. Incorporation of added 82Br" (approximately 0.08 /xCi/
ml) into a CCU-extractable form, during solvolysis of 1 (Co = 0.080
M) in DMF at 30.0°.. Indicated are the relative activities of the
layers after distributive extraction, with CCl4 and water, of solvol-
ysis samples. Total activity added per volume was almost equal,
but, due to decay, “chemical” concentration of added Br" was ap-
proximately 2 X 10-7 M (a), 1 X 10"6 M (b), and 5 X 10"6 M (c) in
successive experiments.

borated by fitting of the data of Figure 1 to first-order Ki-
netics. In a log (a —x) us. t plot this “phase” is well ap-
proximated by a straight line, which after extrapolation in-
tersects with the ordinate at a value only slightly above log
a -~

Radiobromide Incorporation Experiments. We have
performed some experiments in order to examine the incor-
poration of radiobromide into a form which is to be found
in the CCl4 phase after distributive extraction with CClas
and water of solvolyzing DMF samples. The peculiar re-
sults, shown in Figure 5, may be used to shed some light on
the possible pathways of solvolysis. A tentative explanation
may be offered on the basis of the well-known Winstein
ionization scheme24

* 5
RBr v— R*Br" R*IIBr" ;—»

k2 *4 6

R+ + Br"

In contrast to the situation in most protic media, recombi-
nation of the dissociated ions (/efi) may well be a very fast
reaction, owing to the enhanced nucleophilicity of halide
ior_s.4ab This should allow a rapid incorporation of 82Br~,
especially if k4 is not too small. Unhampered continuation
of this process, however, would bring the major part of the
activity in a CCVextractable form after a short time, and
this is not the case. If, however, the original quasiequili-
brium value of carbenium ion concentration is very small,
as can be postulated reasonably (kf] large!), the progress of
solvolysis and the production of Br" by an independent
way will soon inhibit radiobromide incorporation automati-
cal.y. Indeed, if a quasiequilibrium between the compo-
nents of the Winstein scheme is assumed, it follows that
[R+] = f&s[R+] | Br-]/MBr-] == [RBr]/[Br-].

The rate of incorporation of 82Br_ is then proportional to
[RBr][82Br_]/[Br_] or roughly to I/[Br~]. This is in accord
with the much lower initial incorporation rates, in case ra-
diobromide of lower specific activity was used (Figure 5b
anc c) as this corresponded to a higher “chemical” bromide
concentration.

Radiobromide addition to solvolysis mixtures (Figure 5)
also discloses a more gradual incorporation at a lower rate,
independent of the exceptional uptake at high specific ac-
tivity and uninhibited by the growing bromide concentra-
tion. Even in reaction mixtures with 0.2 M NaBr present,
the incorporation of 82Br_ is nearly linear with time, after
correction for the decreasing substrate concentration (Fig-
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ure 4). These results may be explained by the occurrence of
some sort of exchange reaction at the level of, e.g., the sol-
vent-separated ion pair. In fact, the concentration of any
ion pair can be expected to be proportional to that of the
substrate and the 82Br- activity in the water soluble form
remains almost at a constant level for the duration of the
experiment.

Summary and Conclusions

We believe to have demonstrated unambiguously that
the main initial solvolysis product of 2-bromo-2-methyl-
pentane in DMF consists of a cationic substitution product
RDMF+ (2), which consequently is eliminated to yield 2-
methylpentenes with a regiospecificity of more than 40%
terminal olefin (25% Hofmann elimination if corrected for
statistical factors). In the course of solvolysis, the autocata-
lytic second-order eliminations, with Br~ and probably
HBr2_as basic reagents, become the dominant reactions,
at least in the concentration range studied. In accord with
work on related reactions a pronounced Saytzeff orienta-
tion is found (94% including correction for statistical fac-
tors).

At low ionic strength the existence of yet another elimi-
nation mechanism is suspected.

The first phase of solvolysis is attended by the rapid for-
mation of appreciable quantities of water-extractable
species, the major part of which is tentatively identified as
ion pairs. As none of the classical procedures used allows
the determination of total solvolysis (i.e., elimination plus
substitution), no clear distinction can be made between
these and RDMF+ (2), whose formation may also be readi-
ly reversible during its stay in CC14 solution (procedure B).

82Br experiments indicate, among other things, that ion-
ization and dissociation reactions in the system studied
were fast and reversible to a great extent.

Registry No.—1, 4283-80-1.
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A novel compensation method, based on potentiometric detection of Br-, has been used to measure initial sol-
volysis rates of RMe2CBr in DMF (R = Me, Et, Pr) with fair precision. Influences of substrate structure and of
ionic strength are comparable to the same in protic solvents. Rate enhancement by added azide and lower activa-
tion energies was noted however. Complete absence of ionic additives gave rise to an unforeseen 17% enhance-
ment of the expected rate. These data have been combined with those obtained in the foregoing paper to allow
elaboration of a scheme for the solvolysis of PrCMe2Br (1) in DMF. The possible pathways are discussed in the
light of the available evidence. It is concluded that free carbenium ions are mechanistically unimportant, whereas
different kinds of ion pairs are probably essential intermediates. Some un-ionized water-extractable species,
formed abundantly at dissolution of the substrate, do not lie on the main reaction path. Before an autocatalytic
E2 mechanism with Br- (and HBr2~) becomes predominant, the major process is constituted by substitution by
the solvent, probably at the solvent-separated ion-pair stage, and subsequent elimination of the cationic substitu-

tion product (7).

There exist many marked differences between protic and
dipolar aprotic solvents (DAS), liable to be relevant for
their role in solvolytic reactions.3 In the foregoing paper,!
results have been described pertaining to the DMF solvoly-
sis of 2-bromo-2-methylpentane (1). Conventional methods
or adaptations thereof were used to disclose the existence
of several reaction phases, including the dominance of sub-
stitution by the solvent as a primary process and the imme-
diate initial presence of relatively large amounts of ion
pairs, suggestive of their possible importance as reaction
intermediates. Since direct assessment of total solvolysis
had proved impossible, no distinction could be made be-
tween extractable ion pairs and the (ionic) substitution
product.

The present paper describes the elaboration of a method
able to measure the formation of ionized bromide as distin-
guishable from any ion pairs, as it is based on potentiomet-
ric detection of its concentration in the solvent itself. It has
been used to measure initial solvolysis rates of a few “sim-
ple” tertiary alkyl bromides. An attempt is made to derive
a solvolysis scheme for 1 in DMF, from a combination of
these results with data previously obtained: and from cal-
culations based upon them.

Experimental Section

Principle of the Potentiometric Method. The apparatus is
composed of two identical thermostated vessels which were filled
with an equal amount of the same medium, provided with an iden-
tical electrode system and connected through an electrolyte bridge.
One of these serves as a reaction vessel. As the reaction proceeds,
ions are liberated, to which the electrode system responds, and the
potential difference is detected. Addition of concentrated titrant
to the other vessel allows restoration of the original balance, allow-
ing the evaluation of the progress of the reaction in the proper un-
disturbed medium.

The Electrode System. As the method was conceived to follow
bromide ion production, the electrode system chosen consists of a
silver electrode in contact with a solution containing 0.001 M
AgBr2- .4The stability constant of this complex has been measured
by a potentiometric titration method, as described previously,5
and found to be 0.3 X 1016 and 1 X 1016 mol-2 |.2at 30 and 60°, re-
spectively. It is readily calculated that the initial C Ag+ at 30°
amounts to 4 X 10-7 M. Thus catalysis by silver ion is insignifi-

cant, the more so as this concentration is still substantially lowered
soon after the reaction sets in.6

Evaluation of the Method. Apart from the fact that the meth-
od fulfills a need by determining the bromide ion produced in the
solvent, it possesses several advantages. It exhibits a true specifici-
ty, acharacteristic of a potentiometric method, thus enabling mea-
surements to be carried out in the presence of other ions, even ha-
lide ions. As it is a compensation method, an exact knowledge of
the value of the stability constant of the AgBr2_ is not needed,
provided it remains of the same order. Even if strong complexation
wit.a Ag+ would occur, this can at most make the method insensi-
tive, but once measurements can be performed, no error is intro-
duced. The sole assumption which has to be made is that of the
physical equality of both solutions. As a matter of fact, this cannot
be exactly so, as only one of them receives the substrate. At small
concentrations however, the organic compounds are not suspected
to have a marked influence on the ion activities. A further objec-
tion may be found in the nonequivalency of the counterions, but as
in cur case the method was only used for bromide concentrations
up to 3 X 10-3 M, this may be safely ignored.

.Application of the method may probably be extended to the de-
termination of other halide ions (even other anions) in DMF and
in other solvents such as DMSO, HM PT, acetonitrile, and even al-
cohols, as suggested by literature values of stability constants of
the corresponding complexes7 and the general usability of silver
electrodes in most8 solvents. The most serious limitation of the
method in its present form, resides in a certain slowness of re-
sponse of the electrodes (1 min for a 10-mV jump), interfering with
the measurement of fast reactions. It cannot be removed by lower-
ing the substrate concentration indefinitely, as 10-5 M is the lower
limit of concentrations that can be detected with the desired swift-
ness.

Description of the Apparatus. The water-jacketed reaction
and titration vessels, of identical construction and volume (50 ml),
possess a conical side wall and flat bottom to permit magnetic stir-
ring. They are provided with five necks of appropriate size to allow
insertion of electrodes, electrolyte bridge, nitrogen inlet, and if
needed a capillary buret tip. The substrate is added by injection
through a septum of silicone rubber.

The salt bridge is filled with a saturated solution of NaNOa in
DMF. Liquid junction is established through the spacing between
the ground conical inner surface of the bridge’s stem and the
ground tip of a glass rod, closing it from the inside.

Electrodes consist of a silver strip (0.5 cm2; 0.5 mm thick) weld-
ed to a platinum wire. They are activated by dipping in 7N NHOg
with some NaNOg added. At first contact with the medium, con-
taining 10~3 M AgBr2-, an adaption period of 10-15 min is re-
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Figure 1. Comparison of experimental data (ref 1, Figure 3) on the
solvolysis of 1in DMF at 30.0° with the calculated total solvolysis
(i.e., total elimination plus solvent substitution). The data were
obtained in the presence of 0.01 M picric acid.

quired, to obtain a residual potential difference of the order of 1
mV between both electrodes. As this disparity was shown to be de-
pendent on Car-, the electrodes are placed, at regular intervals, in
the same vessel to allow comparison in the course of a kinetic run.

Measurement of potential differences was effected by means of a
Radiometer Copenhagen Type PHM 22 p pH meter, as a coarse in-
dicator and as an amplifier of high-input impedance, coupled to a
recording electrometer Heath EUW-301, thus allowing recording
with a precision of better than 0.03 mV if needed. A Leeds and
Northrup No. 7645 potentiometer was employed to measure and to
compensate the initial disparity between the electrodes.

Determination of Reaction Rates. The reaction is started by
injection of an approximately known amount of substrate into the
solvent in the reaction vessel, containing, besides 10"3M AgBr2',
any additions desired. To obviate the effect of a certain sluggish-
ness of the electrodes, addition of excess titrant is always made in
advance, and the moment at which equality is reached, noted from
the recording.

At the end of the run (usually not more than 3% conversion) 2-
ml samples are collected and bromide ion is determined by poten-
tiometric titration with aqueous AgNOa, after alkaline hydrolysis.

First-order rate constants were directly calculated from the
slopes of In (& —x ) us. t plots, where a is the initial substrate con-
centration and x is the bromide concentration in the titration ves-
sel as derived from the known addition of titrant (0.5 M NaBr in
DMF). No correction was applied for incomplete dissociation of
HBr, as it was shown previously that the initial reaction corre-
sponds largely to substitution in which no acid is produced.1 From
experimental tests, where formation of HBr was simulated, it was
deduced that even the hypothesis of total elimination would lead
to rate constants higher by only 2-3%.

Materials. Purification of the solvent and synthesis of 2-bromo-
2-methylpentane have been previously reported.1

feri-Butyl bromide and iert-amyl bromide were obtained
through reaction of the corresponding alcohol with PBrg at -20°
and purified by fractionation under reduced pressure. All bro-
mides were redistilled under reduced pressure immediately prior
to use.9

Reliability of the Method. The method was empirically tested
by titration in both vessels with the same titrant and comparison
of the amounts needed to restore potential equilibrium. In the
range of 2 X 10"43 X 10”2 M the mean deviation was 0.8%. As
every kinetic determination was made on the basis of at least 10
data points, it is felt that the precision obtained is still increased
by the statistical distribution. The values of the standard devia-
tions in the case of multiple determinations (vide infra) support
this treatment.

Calculation of Total Solvolysis. An approximate calculation of
total solvolysis was performed on the basis of a system composed
of first-order and a second-order autocatalytic reaction

ki
A —r» X +Y

ke
A+ X' —% X + X +Z
where A is the substrate, Y and Z are reaction products which may
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Table |
Initial Rate Constants fa r Bromide lon Production
from RMe Br?n DMIP

Entry R Temp, ¢ co, M Additives U 106kv sec''l
| Me 25.0 0.0390 2.3i
2 Me 25.0 0.0412 2.17
3 Me 30.0 0.0375 4.28
4 Me 30.0 0.0385 4.2,
5 Et 25.0 0.0332 5.29
6 Et 25.0 0.0482 5-1i
7 Et 25.0 0.0482 5.18
8 Et 30.0 0.0342 8.57
9 Et 30.0 0.0345 S g

10 Pr 24.8 0.0261 5.67

11 Pr 274 00323 71«

12 Pr 29.9 0.0292 9.5g

13  Pr 30.0 0.0317 9.67

14 Pr 29.9 0.0331 9.67

15 Pr 30.0 0.0468 9.60

16 Pr 30.0 0.0468 9.89

17 Pr 30.0 0.0470 9.60

18 Pr 30.1 0.1160 9.6,

19 Pr 45.0 0.0448 47.9

20 Pr 60.0 0.0202 262

21 Pr 60.0 0.0207 245

22 Pr 30.0 0.0320 9.29

23 Pr 30.2 0.0336 9.87

24 Pr 300 0.0890 0ot

25 Pr 30.0 0.0898 0.2 M 2,6-lutidine 10.9,

26 Pr 30.0 0.0309 0.1 A NaNOs 11.34

27  Pr 30.0 0.0325 0.0195 M NaN3 16.0

28 Pr 30.0 0.0340 0.060 M NaNs 40.1

29 Pr 30.0 0.0409 0.075 M NaN3 46.7

30 Pr 30.0 0.0356 0.093 M NaN3 52.2

31 Pr 30.0 0.0345 0.060 M NaNg + 38.6

0.100 M NaNOg
“In the presence of 0.010 M picric acid, except for uns 22, 23
(0.004 M) and 24, 25 (no picric acid added).

or may not be identical, and X' represents the active reagent (e.g.,
Br") in equilibrium with X, which summarizes all species in the
same equilibrium (e.g., HBr + Br" + %HBr2~etc.).

If a constant ratio a = Cx'/Cx is assumed, the system gives rise
to the differential equations dx/df = dy/di + dz/di = k\(a —x) +
k2(a - x)ax or dx/{a - x)(l + rax) = kidt, if kZki = r and where a
= ca,initial and X, y, and z represent concentrations of the species
X, Y,and Z, and dy = dx/ (1 + rax). On integration these yield

[1/7(1 +

rota)] In [(1 + rax)a/{a - x)] = Kkxt

y = (l/r) In (1 + rax)
allowing calculation of X, y, and z = x —y. In the calculation of
solvolysis (in presence of 0.01 M picric acid) the following values
of the rate constants were utilized: k r = 1.0 X 10"5 sec" ! (instead
of 0.97 X 10"5 sec-1, to account for the small rise in ionic strength
in the course of the reaction) and k2 = 4.0 X 10”41 mol-1 sec-1.1
It should be noted that in reality a is not a constant ratio and
that it is not known with any certainty, due to the as yet incom-
plete knowledge of the ionization equilibria of HBr in DMF. An-
other difficulty resides in the probable importance of HBr2' as a
major ionization product and its importance as a kinetic base, for
which the corresponding rate constant k 2HBr2 cann®t be estimat-
ed. Some measurements on the HBr equilibrium and the provi-
sional assumption k2,Bi- = k2,H&2 allow a crude estimate of a =
«Br- + aHBr2 k2,HB2-/k2,B~to  made. This value was altered by
trial and error until the simulated curve remained between the
limits set by the titration results (see Figure 1). The chosen value
was 0.55, well within the range of the values estimated on the
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Figure 2. Taft-Hammett correlation for initial solvolysis rates of
RMe2CBr in DMF (0.01 m picric acid added) for R = Me, Et, Pr.

above assumptions (time average over the reaction course deter-
mined by direct estimation was found to be 0.47).

In spite of the seeming arbitrariness we feel confident that the
procedure followed will not lead to large deviations from reality, as
in the interval considered the total solvolysis is determined to the
extent of 80-100% by the more accurately known first-order reac-
tion. Also, bromide ion is initially the most important base formed
and is suspected to remain so for appreciable time. Thus, the slope
of the calculated curve fits the experimental course of the reaction
very well, once the elimination becomes the sole net reaction.

Results

Reaction Rates. With the exception of two runs, all ex-
periments have been executed in the presence of added pic-
ric acid. Apart from its promotion of electrode response, it
was felt that the values obtained in this way are more likely
to reflect the true rate constant in the course of the reac-
tion, when acidity and ionic strength will have attained
comparable levels. They also are directly related to the ex-
periments in the preceding paper,1 where addition of 10-2
M picric acid has been used.

Choice of substrate, reaction conditions, and the ensuing
rate constants are summarized in Table I. Only data per-
taining to the first 2-3% of the conversion have been con-
sidered for calculation. A second-order contribution to the
total rate can be estimated to be at most 1% and therefore
has not been corrected for.

The only value that allows comparison with literature
data is for f-BuBr at 25.0°. It compares favorably with that
reported by Kornblum and Blackwood10 (2.3s x 10-6 sec-1)
and by Ross and Labes!! (2.6 x 10-6 sec-1). It was expect-
ed that our value (2.24 x 10-6 sec-1) would be lowest as our
measurements are confined to the first 3% of the reaction,
thus excluding any important second-order contribution.
Cook and Parker12 obtained a high value (3.37 X 10-6
sec-1) which can hardly be ascribed to the presence of 0.12
M NEt4C104, as we found only a 17% increase on addition
0f0.100 M NaNO3 in the solvolysis of 1.

Influence of Substrate Concentration. Variation of
substrate concentration by a factor 4 had no statistically
significant effect on rate constants. The mean value of k x
for runs 12-1813 (R = Pr; temperature 30°) was found to be
(9.66 + 0.12) X 10-6 sec-1 with substrate concentration
ranging from 0.0292 to 0.1160 M.

Activation Energy. The activation energy E a for the
solvolysis of 1 was calculated to be 90.4 + 0.8 kj mol-1, as-
suming a linear log kxvs. I/T relation. The following acti-
vation parameters were found: AH* = 87.9 + 0.8 kJ mol-1
and AS* = —52 + 4 J K-1 mol-1. The data of Ross and
Labesit allow calculation of the same parameters for t-
BuBr to give 87.4 kj mol-1 and —59 J K-1 mol-1 and the
rate difference is thus shown to be ascribable to an entropy
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effect only. The activation enthalpy in DMF is lower by a
few Kkilojoules per mole than the corresponding parameter
in pure protic solvents,14 but comparable to it in mixed
protic-aprotic solvents,14 e.g., dioxane-water and acetone-
water. It may be noted in this connection that the aprotic
solvents cited are known to possess nucleophilicity and
could possibly participate in the transition state. We note
in this context the difference in the corresponding values
fcr acetonitrile1s and for nitromethane;16 93.3 and 83.7 kJ
mol-1, respectively; the former is known to be a much
weaker nucleophile.

Influence of Substrate Structure. Although three sub-
strates evidently represent too small a choice to prove the
existence of a linear relationship, it was thought worth-
while to represent our results in the form of a Taft correla-
tion (Figure 2). Derived p* values are —3.6 and —3.1 at 25
and 30°, respectively. They compare very well with the
value —3.29 obtained by Streitwieser17 from a huge amount
of data with respect to the solvolysis of tertiary alkyl ha-
lides in 80% ethanol. It is customary to take similar values
as an indication of appreciable development of positive
charge on Cain the transition state.17,18

Influence of Added Acid and of lonic Strength. Re-
duction of the picric acid concentration from 0.010 to 0.004
M resulted in a decrease in reaction rate of at most 3%.
This clearly demonstrates that acid catalysis can safely be
excluded. That the eventual decrease is to be seen as an
ionic strength effect is corroborated by the 17% increase
noted, after addition of 0.1 M NaNO03

A similar salt effect is in accord with the theoretical ex-
pression derived by Bateman19 for the reaction of a neutral
molecule and characterized by a dipolar transition state

In (ki/ku 0) = (8TTNe21000DKkT)U2Z2dod

where e is the charge of the electron, D the dielectric con-
stant, k the Boltzmann constant, Z the fractional charge on
each pole, d the distance between them, and a = 0.509 In
10. Insertion of the data yields Z2d = 0.97 A, a reasonable
value, comparable to 0.78-0.82 A found by Bateman for t-
BuBr in 90% acetone.19

Solvolysis in Absence of Added Picric Acid. Extrapo-
lating from results at different ionic strength, a value of 9.5
x 10-6 sec-1 should have been expected for the initial sol-
volysis rate constant of 1 at 30° in the pure solvent. The
rates observed (with and without lutidine added) are 17%
higher instead! Because of the simultaneous peculiarity of
the product distribution, described in the preceding paper,
we are inclined to interpret this difference as due to a sepa-
rate reaction which seems to be inhibited at higher ionic
strength.

Effect of Added NaN3 Addition of sodium azide to sol-
vclyzing mixtures has been used in the past to exclude the
possibility of nucleophilic solvent assistance.20 It has gener-
ally been assumed that when the strongly nucleophilic
azide ion failed to enhance the reaction rate, participation
of the solvent as a reagent had to be excluded also.

Runs 27-31 show in a convincing way that this is not the
case in DMF even for a tertiary alkyl halide. Figure 3 shows
a plot of fei,N3-/fti,o cs. (Cisjalg3  Cpicricacid),"1 where &i,N3-
is the pseudo-first-order rate constant in the presence of
azide ion.

The curve obtained is reminiscent of those presented by
Sr.een and coworkers22 to provide proof for the ion-pair
theory of SN2 reactions. A comparable analysis will not be
attempted here, as we have no precise knowledge of the ion
association equilibria and some conductivity measurements
on azide solutions incite us to caution. Anyway, it seems
probable that azide ion participates in a second-order reac-



Solvolysis Scheme for 2-Bromo-2-methylpentane

Figure 3. Influence of added sodium azide on bromide ion produc-
tion from PrMe2CBr (Co ~ 0.03 m; 0.01 M picric acid added) in
DMF at 30.0°.

tion with the tertiary substrate 1 and of which about 30-
50% may be considered Sn2! This cannot, of course, be
used to prove solvent participation, but it emphasizes its
possibility.

General Remarks. The initial solvolysis of simple terti-
ary alkyl bromides in DMF strongly resembles the analo-
gous reactions in protic solvents in many of its features,
e.g., the dependence on substrate structure and on ionic
strength. On the other hand, though no conclusive evidence
was given, nucleophilic interaction between solvent and
substrate would well fit the picture.

Solvolysis of 2-Bromo-2-methylpentane. Comparison
of Calculated Solvolysis with Other Experimental
Data. The potentiometric compensation method, described
in this paper, readily follows the evolution of bromide ion
concentration. As a consequence of the production of acid
attending elimination and of incomplete ionization of HBr,
it is only at the start of the solvolysis that the Br_ concen-
tration can be taken to be equivalent to the total reaction
rate. A direct comparison of the experimental data is there-
fore excluded except for the first minutes of the reaction.
Even so, an interesting conclusion can be drawn with re-
gard to the presence of appreciable amounts of “ion pairs”
at the onset of the solvolysis. Further comparison is better
attempted by use of the calculated course of reaction based
on the determined or estimated rate constants. Figure 1
summarizes some results with respect to the solvolysis of
approximately 0.1 M 1in DMF at 30° and with 0.01 M pic-
ric acid added, as described in the previous paper.!

Curves a and b are based on titration data obtained after
a distributive extraction with CCl4-water, curve a prior to
and curve b after a 5-min residence time in CC14. Curve b
was thought to represent total elimination while curve a
stood, in addition, for any extractable solvolysis product,
ionic intermediate, and extractable ion pairs included. To
this picture is added the calculated curve c, denoting elimi-
nation plus formation of an ionic substitution product
RDMF+ (7).23

This juxtaposition allows further insight into the details
of the solvolysis, as now the evolution of the concentration
of 7 can be viewed separately from that of possible ion
pairs. This is shown more clearly in Figure 4 which repro-
duces (a) the evolution of C7, (b) C“extractable ion pairs’, (c)
the first-order contribution to solvolysis, and (d) the part
of the former curve corresponding to elimination.

In the previous paper! the existence of the cationic inter-
mediate 7 has been anticipated. Figure 4 discloses that it is
the principal, if not the only, initial solvolysis product. It
accumulates till a maximum value of 4% of the substrate
concentration. The rate of its decomposition to olefins in-
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F|gure 4. Analysis of the first-order component in the solvolysis of
1in DMF at 30.0°. All curves are calculated from the data referred
to in Figure 1

creases steadily until most of the intermediate has disap-
peared.

Another notable feature is the continuous decrease of the
amount of extractable “ion pairs,” which is highest at very
short reaction times. It cannot be estimated with confi-
dence how much of it remains after the disappearance of 7,
but it seems to be established that the rate of decrease is
slowed down considerably from about that moment. Both
features will be commented upon separately in the fol-
lowing paragraphs.

The Substitution Product RDMF+ (7) and Its De-
composition. Instead of the proposed structure, 7 might be

,CH Me

. R.
RBMF+= \ g-*'

viewed as a solvated carbenium ion. Later in this paper,
however, more evidence will be presented to show the rela-
tive unimportance of dissociated carbenium ions in the
overall scheme. The existence of similar substitution prod-
ucts has already been assumed by Kornblum and Black-
wood10 after observing halide ion production in DMF solu-
tions of methyl iodide or benzyl bromide.24 The formation
of stable salts between solvent and alkyl halides has also
been described for DM SO.25 Moreover, nucleophilic partic-
ipation of DMF s really not surprising, considering the role
attributed to less nucleophilic molecules such as p- dioxane
and acetone in the solvolyses of 2-octyl brosylate in 75% di-
oxahe-water26 and 80% acetone-methanol,27 respectively.

Comparison of the slope of curve d and the correspond-
ing values of C7 (a) in Figure 4 clearly counterindicates a
first-order decay of 7. Indeed, the latter curve reaches a
maximum at approximately 125 min whereas curve d is
steepest somewhere around the 200-min point. Therefore,
kinetic involvement of a reaction product, e.g., of the bro-
mide ion, is highly probable. If we take [Br_] to be propor-
tional to the total solvolysis, the product [C7][Br—} has a
maximum at 180 min and [C7][Br- ]2 even at 195 min, both
much better in accord with the behavior of curve d.

One can think of several reasonable mechanisms, in ac-
cord with the facts known so far.

1. E2 Decomposition of 7 with Br_. This mechanism
would be reminiscent of E2 eliminations of “onium” com-

7 + Br' —* olefins + DMF + HBr
pounds. These mechanisms are known to be subject to in-

ductive control, attended by a typical Hofmann orienta-
tion.28 Delocalization of positive charge, as in 7, would be
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expected to deemphasize this trend, so that there is no ob-
vious disagreement with an observed product distribution
of 41-46% terminal olefin.

2. First-order Elimination of the Corresponding lon
Pair 6. The situation depicted here will be kinetically
equivalent to the former in a number of cases.

k ,

7 + Br" 71[Br" —m olefins + HBr + DMF
6

If k _ » k' the concentration of the ion pair and conse-

quently the elimination rate are determined by the product
[6][Br-]. This version finds support in the surmise that at
least a substantial fraction of the ion pairs disappeared si-
multaneously with 6. If on the other hand the decomposi-
tion of the ion pair is much faster than its formation, it will
not be found in measurable quantities, but the Kkinetic
order of the elimination will remain the same with respect
to 7 and Br- . First-order elimination of 6 could very well
take place via an “internal” mechanism akin to Ei.

HABr +

MeV H
Me

Of course, a second-order dehydrobromination of 6 or
some other third-order process cannot be excluded.

Olefin distribution studies do not allow us to choose be-
tween the cited alternatives, as none is expected to possess
an outspoken Saytzeff regiospecificity.28

Nature of the lon Pairs. A most remarkable finding
was the impressive amount of nonionic water-extractable
species,1 present in the solvolyzing DMF solution. Appar-
ently, these particles hold strongly to the solvent mole-
cules, as even addition to excess CC14 only results in a rela-
tively slow recombination. In the course of the distributive
extraction they are carried into the aqueous phase, where
they are hydrolyzed subsequently.

It would appear to us that solvent-separated ion pairs
are the most likely candidates to show this behavior. Part
of these may be RDMF+]|Br- (6), as suggested above, pos-
sibly along with R+]Br- (3). Neither of these, however, can
be responsible for the large amount present at the very
start of the reaction! In a solution of 0.1 M I, this totals 6-
7% in presence of 0.01 M picric acid, against 22% in absence
of any additive. As the solvolysis rate is not substantially
different, it seems excluded that it is due to any ion pair
which is to be considered as lying on the reaction path(s)
leading to solvolysis. If that were the case, solvolysis kinet-
ics would evidently be expected to be greatly influenced by
the extent of its initial accumulation and by its subsequent
diminution. Although satisfactory evidence is still wanting,
we would like to retain, as a possible structure, the dipolar
complex of the alkyl halide (or corresponding intimate ion
pair) with a solvent molecule (5). The responsible dipole-
dipole interactions may be expected to be appreciably
weakened by increasing ionic strength, thus providing an
explanation for the influence of added picric acid on the
ion-pair concentration and for its relatively fast decrease in
the course of the reaction.

Another indication for the existence of a side branch of
the main pathway is to be found in in the rapid transfer of
initially incorporated 82Br to a water-extractable form.1
A rate constant for this process is estimated to be at least
60 times greater than that of the solvolysis itself. This
suggests that it relates to a transfer to an undissociated
form and adds further credibility to the existence of the al-
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Figure 5. Solvolysis scheme for PrMe.CBr in DMF.

ready proposed species 5. In fact it is quite plausible that in
both cases the formation of the same water-extractable
species is concerned, for which the structure of a dipolar
complex was proposed. One more comment can be made,
viz., upon the extra amount of initial solvolysis and the
higher proportion of terminal olefin observed in total ab-
sence of ionic additives.1 Both phenomena could possibly
be ascribed to a direct elimination of 5, appreciable only at
the start of the reaction. For the proposed structure a way
of elimination is readily conceived with the associated sol-
vent molecule acting as a base. The transition state might
resemble the structure

Pr

Me
»Me

.¢N

The ensuing syn elimination would account for a probable
Hofmann orientation (possibly 70-100% 1-ene).28

A Hypothetical Solvolysis Scheme for PrMe2CBr in
DMF. Based on all presented evidence, we will attempt to
sketch a solvolysis scheme (Figure 5) as a means of showing
more clearly the emerging facts and to pinpoint some of the
remaining question marks. Where alternative paths are
available and no definite choice could be made, all were
drawn in dashed lines. Some Sn2 reactions thought to pos-
sess a common intermediate were also indicated. The pres-
ence of the species 5 and 6 is thought to be essential for the
explanation offered, although the structures presented for
them have no very firm foundation yet. The description
which follows refers to the solvolysis of 1in DMF under the
conditions of our experiments, but up to a certain point
probably to tertiary alkyl halides in general.

Following dissolution of the substrate, a very fast dy-
namic equilibrium is set up between the different species of
the Winstein scheme (1-4).29 The “equilibrium” concentra-
tion of dissociated carbenium ions R+ (4) is thought to be
much lower than in protic media and the amount of solvol-
ysis occurring through this intermediate negligible. Solvol-
ysis is probably attended by the ion pairs 2 and 3 reaching
higher concentrations.

Especially at low ionic strength, an important accumula-
tion of a nonionic product (5) is noted, to which the tenta-
tive structure of a dipolar complex has already been as-
signed. A relatively slow elimination of 5, with a high yield
of terminal olefin may be possible. The concentration of 5
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Table 11
Solvolysis Rates of i-BuX (X = CI, Br) in Different
Solvents at 25.0°

—log ftj-

RN Sohvertt X=C° X=B6 -Alog
I hd 1.54 0.11 1.43
2 EtOH—H2 (80 : 20) 5.03 3.45 1.58
3 MeOH 6.12 4.48 1.64
4  AcOH 6.71 5.52 1.19
5  EtOH 7.07 5.36 1.71
6 MeNOs s 8 5.44i 2.68
7  DMF 8.48¢  5.64/ 2.84
8 MeCN 8.73* 5.90% 2.83
9 Me2CO 9.9' 7.13' 2.8

“ A. H. Fainberg and S. Winstein, J. Amer. Chem. Soc., 78,2770
(1956), except when indicated otherwise. 6 A. H. Fainberg and S.
Winstein, ibid., 79, 1602 (1957), except when indicated otherwise.
cY. Pocker, J. Chem. Soc., 1972 (1960). “ P. B. D. de la Mare, etal,
ibid., 2930 (1954). eS. D. Ross and M. Labes, J. Amer. Chem. Soc.,
79, 4155 (1957). f This work. « M. H. Abraham, J. Chem. Soc., 1343
(1972). hH. M. R. Hofmann, ibid., 6753 (1965). 1Cited in refg. JS.
Winstein, S. Smith, and D. Darwish, Tetrahedron Lett., No. Ifi,24
(1959).

decreases rapidly as the reaction proceeds, probably by re-
versal of its formation, in answer to the changed environ-
ment.

At the same time a more important production of inor-
ganic bromide accompanies the formation of the cationic
product 7, in what may be considered to be the rate-deter-
mining step. Product 7 arises probably through collapse of
the solvent-separated ion pair 3, almost certainly via the
(likewise solvent-separated) ion pair 6, which may be in a
rapid equilibrium with 7. Product 7 accumulates at first
but undergoes in its turn an elimination reaction in a way
kinetically dependent on Br- (or possibly HBr). The in-
creasing concentrations of Br* and HBr2_ cause a reaction
of steadily growing importance. Being Kkinetically strong
bases in DAS, they give rise to autocatalytic E2 with a no-
table Saytzeff orientation (16% 1-ene). Especially at high
substrate concentration, these reactions will ultimately
dominate the entire solvolysis picture.

The Insignificance of Carbenium lons as Intermedi-
ates. To explain radiobromide incorporation data, it was
postulated! that the concentration of free carbenium ions
decreases rapidly within the first minutes of solvolysis, as a
consequence of enhanced ion return caused by the growing
bromide ion concentration. As an important corollary, it
follows that the rate of solvolysis, if it occurred by the clas-
sical carbenium ion pathway, would simultaneously show a
dramatic downfall, which is not the case at all.

The Rate-Determining Step of Solvolysis. From the
incorporation experiments it was concluded that the Win-
stein equilibria are presumably composed of reactions
which are appreciably faster than total solvolysis.1 There-
fore, they are not believed to comprise the rate-determin-
ing step. As the intermediacy of dissociated carbenium ions
is excluded, the step at issue may well be the collapse of an
ion pair, most probably a solvent-separated one. As a mat-
ter of fact, the latter is expected to show sufficient reactivi-
ty toward the solvent, almost as much as a free carbenium
ion. It is likely that in this case the formation of a likewise
solvent-separated ion pair 7 ||Br~ (6) will precede the ap-
pearance of 7. Sneen’s description of an intimate ion pair,
as being merely a compound possessing an extended bond
with considerable ionic character,22 does not meet universal
consensus. Yet, the presence of an appreciable amount of
covalent bonding is generally accepted. Consequently, the
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geometry at C,, may be not too remote from the original sp3
hybridization, and in a tertiary substrate such as 1, consid-
erable steric hindrance to the necessarily back-side substi-
tution is to be anticipated. These are however arguments
which stem from generally accepted ideas, not from experi-
mental data.

For solvolysis in protic media, the exact location of the
rate-determining step is not generally known, although it is
usually assumed to be included in the Winstein scheme.
From the analysis of accurate data on the hydrolysis of t-
BuCl, Scott and Robertson30 suspected it to be the forma-
tion of the solvent-separated ion pair. This suggests that,
even in our case, where it is not the slowest step, it may still
be of great importance in determining the steady-state con-
centration of 3 and thereby influencing the observed rate.
In this connection we wish to point out the remarkable dif-
ferences in selectivity toward the leaving group, displayed
in solvolysis rates, when one turns from protic to DAS
media. From Table 1l it can be derived that in general the
rate ratio "j-BuBr/~f-BuCi is 15 times greater in the latter.
The systematic way in which this difference occurs indi-
cates a fundamental change. The fact that nucleophilic
power of the solvent does not seem to be of much influence
is not in contradiction with our views, as the collapse of a
solvent-separated ion pair is not expected to show much se-
lectivity with regard to the solvent. The large effect of a
change in leaving group (CI“ vs. Br*) can be attributed to
the position of the equilibrium 2 3, which in DMF lies
undoubtedly more to the left for the chloride ion, due to its
smaller aptitude for solvation.31

Affinity with Sneen’s Unified lon-Pair Theory. In
DMF appreciable and directly measurable quantities of
different kinds of ion pairs were shown to be present dur-
ing solvolysis of tertiary alkyl bromides. This alone would
suffice to draw our attention to their potential role in the
mechanisms involved and in related ones where these sub-
strates are used in the same solvent. It appears to us that
DAS might prove to become the media of choice for the
study of ion-pair mechanisms.

In 1969 Sneen and Larsen published a unified theory of
nucleophilic substitutions32 and eliminations33 in which
they posited ion pairs to be common intermediates in all
reactions cited, second order and first order alike. Since
then, though, 'he generality of concept has been chal-
lenged;34 several independent authors have brought for-
ward supporting evidence in definite cases.35

Our analysis of the solvolysis of 1 in DMF resembles in
many points the general scheme for solvolysis as presented
by Sneen in a recent publication.22 As all evidence pro and
con has hitherto been obtained by use of protic (or mixed)
solvents, our results clearly cannot decide in any issue in
debate. The fact, however, that in a favorable solvent such
as DMF solvolytic phenomena can be efficiently described
in terms of mechanisms which overlap to a large extent
with the scheme developed by Sneen does support its claim
to a fundamental generality.

In the same recent review22 Sneen described the proba-
ble conditions for the occurrence of a nucleophilic attack at
the various points of the Winstein scheme. He thereby pre-
dicted reaction at the level of the solvent-separated ion
pair to take place when the incipient carbenium ion center
is rather stable and possesses a hindered back side. These
are precisely the characteristics to be expected with 1 as a
substrate and we are inclined to say that the prediction is
borne out, at least with DMF as a solvent. Sneen and co-
workers22 made repeated use of methods in which some nu-
cleophilic reagent (especially N3 ) was added, and the
reaction rate and selectivity were studied as a function of
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its concentration. Its adaptation for use in DAS is rendered
difficult by the insufficiently known association equilibria
of the mostly ionic reagents, by their enhanced basicity,
and by the possible reactivity of their ion pairs.

lon Pairs as Possible Direct Substrates in E2C Reac-
tions. Once it is accepted that ion pairs are more likely to
undergo nucleophilic attack than the undissociated sub-
strate, it may be expected that, at least in some cases, they
are preferred to the latter in elimination reactions also.
One might wonder if the prevalence of DAS as media for
E2C reactions should not be ascribed to their proficiency at
generating ion pairs. Some of the most notable characteris-
tics of E2C,36 such as the absolute trans elimination and a
“loose” transition state, become self-explanatory, when ion
pairs are considered as the direct substrates.37'38 Research
in progress in our laboratory indicates that the E2 reaction
of tertiary alkyl bromides with bromide ion is competitive-
ly inhibited by added azide ion.
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Kinetics of the Oxidative Cleavage of a-Phenylbenzoins by
Alkaline Hypobromite in Aqueous Dioxanel
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Oxidative cleavage of a-phenylbenzoins [ArtAr2C(OH)COAr ,Jby hypobromous acid to give benzophenones and
benzoic acids has been studied kinetically in alkaline 50 vol. % aqueous dioxane. The effect of ring substituents on
the rate at 25° gives p values of +2.8 for the a values on Ar! and +2.3 for the sum of a values on Arl and Ar2 A
mechanism is postulated, which involves the formation of hypobromite ester of substrate followed by a rate-de-
termining attack of hydroxide ion on the carbonyl carbon to give the products.
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Kinetics of Oxidative Cleavage of a-Phenylbenzoins

R %%E*S‘.tﬁ At 5
loxane vol/%

queous
[N aOH *obsd, CNaOH ]a*Q I® kobsd
M M sec*”N v M secl
0.100 0.100 6.04 0.100 0.350 13.0
0.100 0.110 7.11 0.100 0.500 13.2
0.100 0.125 10.1 0.200 0.200 12.4
0.100 0.150 13.6 0.500 0.500 31.2
0.100 0.200 12.8
“ Added concentration.
R% tive ate (kre\) of&R Iil—? t|o£
i F-W‘W
Ueous xane g(?vop%)o?
Substituents
Registry no. Y z W kel
4237-46-1 H H H 1
53432-76-1 Cl H H 3.73
53432-77-2 Cl Cl Cl 37.9
53500-16-6 H Cl Cl 14.0
53432-78-3 Cl Cl MeO 1.78
53432-79-4 H Cl MeO 0.460
53432-80-7 H MeO Cl 0.987
4338-69-6 H H MeO 0.178
53432-81-8 H Me Me 0.121

aferel = f(substituted)/fe2 (unsubstituted). See eq 2.

ported4 to have a mechanism441 which involves an inter-
mediate such as A.

0 0
— C-~C-rO- -H —C—C—R
v
/ \
on 0— Ac
Br H— Br

B

Donnelly and O’Donnells reported that some a-ketols
reacted with bromine in acetic acid to give the correspond-
ing ketones and postulated a mechanism involving a six-
membered cyclic transition state such as B because of the
suppression of reaction by acetylation of hydroxy group
and the necessity of the a-carbonyl group for the reactio