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internal standard. Further proof of structure of the
reduction product was obtained from a preparative
scale reduction. 7-Chloroquadricyclane (VIIb) (444.6 mg)
was dissolved in 5 ml of hexane,and 1.88 g of tri-n-
butyltin hydride was added. The solution was sealed
in an evacuated pyrex tube and heated in a bath at
100° for 48 hours. The hydrocarbon ﬁroduct was
separated from the reaction mixture by preparative glpc
(15'x3/8" Carbowax column). The nmr spectrum on the
material obtained in this manner was identical to that
of an authentic sample of bicyclo [3.2.0]hepta-2,5-diene
(VITIL).

The reduction of syn- and anti-7-bromonorbornene
“(Ib and IVa) was carried out using tri—n—butyltin deuteride.
syn—-7-Bromonorbornene (667 mg) was dissolved in 10 ml of
hexane.and 2 g of tri-n-butyltin deuteride (39) was
added. This solution was sealed into an evacuated pyrex
tube and heated at 51°C in a water bath for 8 days. The
resulting 7-deuterionorbornene (IVd) was separated by
preparative glpc (15'x3/é" Carbowax column). A similar
experiment was carried out with anti-7-bromonorbornene.
The reduction product in each case was shown (nmr) to be
anti-T7-deuterionorbornene (IVA).

2,7

The hydrocarbon tricyclo[2.2.1.0 ] heptane (IX)

is a possible reduction product from 7-halonorbornenes
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I (b and c¢) and IV (a and b). A 0.3 M solution of
syn—-7-bromonorbornene (Ib) in decalin containing 0.5
mole of tri-n-butyltin hydride was sealed in an evacuated
pyrex tube and heated at 100° for 24 hours. Analysis
of the hydrocarbon reduction products by glpc

(10'x1/8" SE-30 columns) showed that norbornene (Ia)
was the only reduction product. The réarranged product
IX could not be detected, using conditions under which
IX is stable and well separated from Ia. Amounts far
less than one percent could have been detected. A
similar experiment using 5 moles of tri-n-butyltin
hydride per mole of Ib gave the same results. Analysis
of products from kinetic runs on anti—?—bromonorbbrnene
"(Iva), syn- and anti-7-chloronorbornene (Ic and IVb)
likewise showed that IX was not present.

(iii) Reduction Products from 1,4-agnti-7-Trichloronor-

bornene

The products obtained from tri-n-butyltin hydride
reduction of 1,4-anti-7-trichloronorbornene (XIV) are
outlined in Chart VII, page 138. Tri-n-butyltin hydride
(3 g, 0.0103 mol) was added to a solution of XIV (0.55 g,
0.0028 mol) in 5 ml hexane. The solution was sealed
into an evacuated pyrex tube and heated at 100° for five
days, then at 130° for 36 hours. Analysis of the

reaction mixture by glpc (SE-30, 10'x1/8" column) showed
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that the reduction was nearly complete. There were
two main reduction products (approximate ratio 55:45)
and two minor components.

The solvent was distilled and the reduétion
products were separated from the tin residues by short
path vacuum distillation (0.1 mm). The two main
products were purified by preparative élpc (SE~-30,
10'x3/8"). These were 1l,4-dichloronorbornene (XXXVII):
nmr (CC14) § 6.06 (s,2,CH=CH) and 2.42-1.70 ppm (m,6,
methylenes) and 1,4-dichlorobicyclo[3.2.0]hept-6-ene
(XXXVIII): nmr (CCly,) 6 6.18, 6.15, 6.12 (s,2,CH=CH),
3.72 (m,1,J<1Hz,CHCl), 2.76 (m,l,bridgehead), and 2,38~
0.92 ppm (m,4,C§2—CE2). The minor components weré not
identified.

The nmr spectrum of XXXVII is in agreement with
the published spectrum (62).

A 0.3 M solution of 1,4-anti-7-trichloronorborn-
2-ene (XIV) in hexane was reduced with tri-n-butyltin
hydride, using the same procedure as described previously
for kinetic studies. The variation in product ratios
with concentration of tin hydride (Table XIV, page 142)
was determined by glpc analyses.

(iv) Reduction Products from 1,2,4-syn- and anti-7-

Tetrachloronorborn-2-ene

1,2,4-anti-7-Tetrachloronorborn-2-ene (XV)

(0.55 g, 0.0024 mol) was dissolved in 5 ml hexane and
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tri-n-butyltin hydride (1 g, 0.0034 mol) was added.
The solution was sealed into an evacuated pyrex tube
and heated in a steam bath for 2 days. The solvent
was distilled, and the reduction products separated
from the tin residues by short path vacuum distillation.
Analysis of the distillate by glpc showed one main
component. This was purified by preparative.glpc
(SE-30, 10'x3/8") and identified as 1,4-anti-7-trichloro-
norborn-2-ene (XIV) by comparison of its nmr spectrum
with that of an authentic sample.

Reduction of 1,2,4-syn-7-tetrachloro-2-norbornene
(XVI) under similar conditions gave, as the main product,
a compound with longer retention time (glpc, SE—?O,
"10'x1/8") than XVI. All other reactions of polychlorinated
norbornane derivatives with tri-zn-butyltin hydride gave
reduction products with retention times smaller.than those
of the starting materials. The product from the reaction
of XVI with tri-n-butyltin hydride was not identified.

(v) Reduction Products from syn- and antz-1,2,3,4,7-

Pentachloronorborn-2-ene

The products obtained from reduction of anti- and
syn-1,2,3,4,7-pentachloronorborn-2-ene (XVII and XVIII)
with tri-n-butyltin hydride are outlined in Chart VIII,
page 144, 1,2,3,4,7,7-Hexachloronorborn-2-ene (XIX)

(2 g, 0.0067 mol) was dissolved in 6 ml of hexane and
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5 g (2.5 mol/mol) tri-n-butyltin hydride was added.
The solution was sealed in an evacuated pyrex tube and
heated at 100° (steam bath) for 9 days. The solvent
was evaporated and the residue fractionated through
an 8 cm, glass-helicies-packed column. The following
fractions were collected (0.1 mm):
#1 bp 60-66° i26 mg
#2 bp 66-72° 116 mg
#3 bp 72-82° 200 mg
#4 bp 82 104° 190 mg
Analysis by glpc (SE-30, 10'x1/8") showed that
the first three fractions were a mixture of reduction
products. The fourth contained mainly tri-n-butyltin
compounds.
As shown in Part I (v), reduction of XIX with
1 equivalent of tri-n-butyltin hydride gives only anti-
and syn-1,2,3,4,7-pentachloronorborn-2-ene (XVII and
XVIII). Small amounts of these were present in the
reduction products obtained here. The other reduction
products, which had shorter retention times, must arise
from reduction of XVII and XVIII. A typical glpc analysis
is shown in Chart XII. |
The three main components (peaks 1,2, and 3,
Chart XII) were separated by preparative glpc (SE-30,
10'x3/8"). The first consisted of a mixture of 1,2,3,4-

tetrachloronorborn-2-ene (XX) (major component) and 1,2,4-
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CHART XII

Gas—-liquid Partition Chromatographic Analysis
of Products from Bu3SnH Reduction of

1,2,3,4,7-Pentachloronorborn-2-ene

—

solvent

XVIII
2
1

start

XVII
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anti-7-tetrachloronorborn-2-ene (XV): nmr (CC14) S

6.21 (s,CH=CCl), 3.92 (m,J<1Hz,C7—E) and 2.75%1.70 ppm
(m,methylenes). The second component, obtained pure,

was 2,5,6,7-tetrachlorobicyclo[3.2.0]hept-6-ene (XLII):
nmr (CCl4) ¢ 3.91 (m,1,J<1Hz,CHC1l), 2.98 (m,1l,bridgehead),

and 2.50-1.50 (m,4,CH —ng). The third component, also

2
obtained pure, was 1,2,3,4-tetrachlorotricyclo[2.2.1.02'7]—
heptane (XLIII): mp 80-81°; nmr (CCl4) 6 4,03 (4,1 ,9=2HzZ,
CHCl1l), 3.09 (m,1,bridgehead) and 2.30-1.42 ppm (m,4,

CH.~CH ).
I 2

2
A 0.3 M solution of 1,2,3,4-anti-7-pentachloro-
norborn-2-ene (XVII) in hexane was reduced with tri-n-
butyltin hydride, using the same procedure as described
‘previously for kinetic studies. The variation in product
ratios with initial concentration of tri-n-butyltin
hydride (Table XV, page 147) was determined by élpc
analyses. Similar experiments (Table XVI, page 148)
were carried out with 1,2,3,4-syn~-7-pentachloronorborn-

2-ene (XVIII).

(vi) Reduction Products from syn- and anti-1,2,3,4,7-

Pentachloronorborna-2, 5-diene’

The products obtained from reduction of syn- and
anti-1,2,3,4,7-pentachloronorborna-2,5-diene (XXIII and

XXIV) with tri-n-butyltin hydride are outlined in Chart
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IX, page 156. A solution of 1,2,3,4,7,7-hexachloronor-
borna-2,5-diene (XXII) (2 g, 0.0067 mol) and tri-n-
butyltin hydride (4 g, 0.014 mol) in 10 ml hexane,

sealed under vacuum into a pyrex test tube, was heated

for three days in a steam bath. The solvent was distilled
in vacuo, and the residue vacuum distilled at 0.1 mm.

The following fractions were. collected:

$#1  100-105°
#2 105—112°}_’ Ou 30 o

#3 112=3113"

#4 113°
Analysis by glpc showed that the last two fractions
probably consisted entirely of tin adducts. These were
not identified further. The first two fractions
contained approximately 56% tin adducts, 19% synQ and
anti-1,2,3,4,7-pentachloronorborna-2,5-diene (XXIII and
XXIV), 10% 1,2,3,4—tetrachlorotricyclo[2.2.1.02’7]hept-
5-ene (LV), 8% 1,2,3,5-tetrachloroquadricyclene (LIII)
and 6%_1,3,4—trichlorotricyclo[2.2.1.02’7]hept—5~ene (LIV).
The order of elution (SE-30, 10'x1/8") was LIV, LV, XXIII
and XXIV, LIII,tin residues. Preparative glpc separation
(SE-30, 10'x3/8") gave pure LV: nnr (CCl,) 6 7.04-6.68
(m,2,CH=CH), 4.65-4.46 (m,1,CHCl) and 3.75-3.50 ppm
(m,1,bridgehead). Similarly, LIV was obtained pure: nmr
(CCly) 6 6.99-6.78 (m,2,CH=CH), 4.45-4.26 (m,1,CHCl) and

3.68-3.46 ppm (m,2,bridgehead hydrogens), as well as LIII:
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nmr (CC14) § 4,78 (4, 1/2,9=6Hz) 4.64 (d,1/2,8=6HzZ),
4.15 (d,1,J=5Hz), 3.17 {d,1/2,9=16Bz2)  2.94 {@Q,;1L/2,7=

16Hz), 2.25 (m,1/2) and 2.05 'ppw (m31/2) .

IIT Polarographic Reductions

Fisher Certified Grade N,N-dimethylformamide
(DMF) was used as the solvent throughout. Eastman
Kodak Co. White Label tetraefhylammonium bromide or
tetraethylammonium chloride was used as the electrolyte.
A Sargent Model XV polarograph was used wifh a conven-
tional H-type cell immersed in a water bath at 25°C.
The capillary height was 60 cm. An Ag/Agt electrode
was used.

From a stock solution of 0.100 M tetraethyl-
ammonium bromide in N,N-dimethylformamide, a solution
(= 10_4M) of alkyl bromide was prepared. Ten ml of
this solution was placed in one side of the cell. Nitrogen,
saturated with DMF, was passed through until all of the
oxygen had been removed. In the other compartment of the
cell, which was separated by a sintered glass disc, 20 ml
of 0.100 M tetraethylammonium bromide in DMF was placed.
The electrode was then immersed in this solution. Sub-
sequent runs under the same conditions were reproducable
to #0.02 volt.

Half-wave potentials obtained in this manner are

given in Tables XXIV and XXV.



TABLE XXIV

Half-wave Potentials Obtained Using

0.100 M Et4N Br in DMF
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E}/z
Entry Compound (volts) Average
1 CH,CH,CH,CH.,-Br -1.83 -1.84
3Tr2rr2mr2 -1.84 £0.01
2 CH3CH2CH(CH3)—Br -1.88 -1.89
-1.89 +0.01
-0.93
3 CH2=CH—CH2—Br -0.94 0.94
-0.94 +0.01
-0.82 0.83
4 hCH, - * -
EigraT -0.83 +0.01
-0.72 -0.71
5 m=Br=CgH,CH,-Br -0.70 £0.01
" o -1.88 -1.87
6 (¢H3)2CHCh2CH2CH2 Br -1.85 10.02
~ -1.79 -1.80
7 CH2~CH—CH2CH2—Br -1.80 #0101
8 ¢y Clo=CqHe~CHqy~BY -1.80 -1l.81
d 305 2 -1.81 £0.05
_ e -1.96 -1.96
9 cyclo C4H7 Br ~1.95 +0. 01
10 . ; = -1.97 ~1.97
3-Nortricyclyl-Br -1.97 0
1l 7-Norbornyl-Br -2.06 -2.05
-2.04 +0.01




TABLE XXIV (Continued....)

Ey1/2
Entry Compcund (volts) Average
-2+ 00
; -1.99 -2.00
12 . -
anti-7-norbornenyl-Bxr ~1.99 £0.01
=«2.00
13 syn—7-norbornenyl-Br :g'gg ;g'gi
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TABLE XXV

Half-wave Potentials Obtained Using 0.100 M Et,N Cl in DMF

Half-wave Potentials

Entry Compound lst wave Average 2nd wave Average 3rd wave Average

-0.48 -1.20 -1.57
-0.48 -0.51 -1.26 -1.24 -1.61 -1.60

1 PhCCl, -0.51 £0.03 -1.23 +0.02 -1.61 $0.02
-0.55 -1.26 -1.62

5 _ -0.33 -0.33 -1.31 -1.30 -1.95 -1.95

4 -0.32 +0.01 -1.28 +0.02 -1.95 +

-1.31 -1.30 -1.94 -1.93

2 ey ~1.29 £0.01 -1.92 £0.01
-1.95 -1.96

4 CH,C1 -1.96 +0.01
-1.97

5 PhCH,Br -1.56
-1.82 +0.01

7 sec-Bu-Br -1.87 -1.87
-1.86 $0.01

(Continued.....)

A4



TABLE XXV (Continued.....)

Half-wave Potentials

Entry Compound 1st wave Average 2nd wave Average 3rd wave Average
8 PhCH,-Cl 1«55
3 =2, 16 -2.16
9 Ph-Cl Y e

S0¢c



-SUMMARY

Many studies dealing with the rate of formation
of free radicals have been complicated by charge polar-
ization in the transition state. In this study, the
tri-n-butyltin hydride reduction of alkyl halides was
used to generate free radicals. The effect of polar
substituents on tin hydride reductions was determined
through a study of polarographic reductions. A rate
factor of 9.5 per o* (polar substituent constant) unit
was calculated to be operative in tin hydride reductions
of acyclic bromides. For reduction of cycloalkyl
bromides and chlorides where the bond angle at the
reaction centre was less than the normal tetrahedral
value, polar effects were found to be unimportant.

The relative rates of tin hydride reduction of
several 7-bromo- and 7—chloron6rbornane derivatives were
determined in a search for homoallylic m-bond participation
in the transition state. The relative rates of reduction
of the bromides were correlated with.bond angle strain
at the reaction centre. For the chlorides, rate
accelerations were observed when allylcarbinyl- or

dicyclopropylcarbinyl radicals were generated. For these

206
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compounds, the observed relative rates were corrected
for bond angle differences at the reaction centre, in order to
estimate the actual rate écceleration from such delocal-
ization.

The stereochemistry of the product determining
step was determined for reduction of syn- and anti-7-
bromonorbornene. Reduction with tri-xn-butyltin hydride
gave anti-7-deuterionorbornene in both cases. The rate
acceleration and stereoselective product formation was
taken as strong evidence for non-classical character of
the 7-norbornenyl free radical. Supporting evidence was
obtained from polarographic reduction.

The synthesis of several polychlorinated norbor-
nane derivatives has been described. The relative rates
of tri—n—butylt;n hydride reduction of the 7-chlorine
atom in several of these compounds was determined. Large
rate accelerations were observed and rearranged products
were obtained from reduction. These were identified
and the dependence of product ratios on the tri-zn-butyltin
hydride concentration was determined. The enhanced rates
of formation were interpreted as evidence of delocalization
in the transition state for free radical formation.
Possible non-classical free radical intermediates were
proposed and discussed in light of the products and product

ratios obtained.
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The accelerated rates of reduction of several
acyclic halides could be attributed entirely to polar
contributions in the transition state. No evidence
for delocalization in the rate determining step was

obtained.
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