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An unusual way of the reaction of PI3 with norbornene and norbornadiene

E. K. Beloglatkina, V. S. Tyurin,* N. V. Zyk, and Yu. K. Grishin

Department of Chemistry, M. V. Lomonosov Moscow State University,
Vorobevy Gory, 119899 Moscow, Russian Federation.
Fax: 007 (095) 939 0290. E-mail: tv@.org.chem.msu.su

The iodination of norbornene and norbornadicne with phosphorus triiodide in the
presence and in the absence of weak electrophiles (arylsulfenamides or V-chloramines) and
with elemental iodine was studied. Depending on the reaction conditions, the reactions
resufted in mono- or diiodides of the norbornene and norbomnadiene series. All the
compounds obtained were characterized by 'H and '3C NMR spectra.
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Unlike the methods of chlorination and bromination
of organic compounds that arc well developed, the
development of preparative methods for iodination al-
ways presented a2 problem for organic chemists since the
iodide anion can be readily eliminated and replaced with
other nucleophiles. At the same time, it is precisely
these properties of alkyl iodides that make them very
important compounds for the consequent replacement
of the iodine atom with various groups.

Recently we have studied the activation of weak
electrophilic reagents with phosphorus halides PHal;
(Hal = Cl, Br, 1) and found that phosphorus trichloride
and tribromide form electrophilic complexes with
arylsulfenamides.! dithiobisamines,2 and N-chloramines
that are capable of the addition at multiple carbon bonds
to give B-thio- or B-chlorosubstituted altkyl chiorides or
bromides. It seemed promising to use this approach for
phosphorus triiodide, the efectrophilic activation of which
might result in the preparation of the corresponding
substituted alky! iodides. However, the reactions of PI;
with olefins of the bicyclo{2.2.1}heptane series in the
presence of arylsulfenamides and n-chloramines gave
unexpected results,

The structure of the products of the reactions under
study was established by 'H and !3C NMR spectroscopy.
The analysis of the spectra followed by the structural
assignment were carried out on the basis of the data on
the effect of substituents on the chemical shifts, 'H—'H
and 'H—'3C coupling counstants, as well as using homo-
and heteronuclear selective double resonance, difference
spectroscopy of the nuclear Overhauser effect (NOE),3
and wwo-dimensional 'H—'H and 'H—'3C correlation
spectroscopy (COSY).% 'H chemical shifis are given in
Table !, and the '’C chemical shifts of all the com-
pounds obtained are given in Tables 2 and 3.

We were able to isolate the expected endo-2-iodo-
exo-3-arylthiobicyclof{2.2. 1}heptane (1) only in the re-
actions of orrho- and para-nitrophenvisulfenamides with
norbomene in the presence of phosphorus triiodide,
while its yield did not exceed 38 %. In addition, the

reaction produces 2-exo-iodonorbornane (2), which be-
comes the only reaction product when arylsulfenaming
is changed to N-chloramine.

The data obtained were compared with the results of
iodination of norbornene with phosphorus triiodide in
the absence of weak electrophilic additives, as well of its
direct iodination with elemental iodine in organic sol-
vent:

ta; Ar =
1b: Ar = 2-

P1,,A,NC]
5 2, 45%

PL,,
———e 2, 16%

7 1
4
, 8 I 1
s +
I

3, 75%

4, 25%

We found that monoiodide 2 is formed in the reac-
tion of norbornene with Pl; even in the absence of weak
electrophilic additives. However, its vield is significantly
lower in this case, and the reaction is completed in
~24 h at 20 °C, whereas it is complcted in several
minutes at room temperature in the presence of ArSNR,
or RyNCl. Principally, the formation of the monoiodina-
tion product could be attributed to secondary reactions
during the purification of the reaction mixture on silica
gel: however, the presence of signals of iodide 2 in the
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Table 1. Chemical shifts of 'H nuclei and 'H—!'H coupling constants (Hz) for compounds 1—11
Com- He H(2) H(3) H(4) H(5) H(6) H(7)
pound
1344 2.50 4.03 3.38 2.3 1.62 (endo) 1.72 (endo) 1.38 (ant)
(12 4.0) (/1 2= 4.0, (/37,= 2.0, 1.72 (exo) 1.89 (exo) (4/2,7.= 2.0,
Jy3= 4.9 5 3=4.9) J7.9=10.5)
1.80 (sym
1hed 247 1.02 3.21 219 1.43 (endo) 1.68 (endo) 1.32 (anm)
(J, =47 (Jy =347, (J37,= 2.4 1.68 (exo) 1.90 (exo) (J2,7,= 2.4,
./2.3= 43) /s 3= 4.8) J7.7= l()ﬁ)
1.68 (syn)
27 2.38 4.00 2.10 (endo) 2.24 1.10 (endo) 1.24 (endo) 1.34 (ant)
(Jr2,= 1.8, (/,3=79, 1.32 (exo) 1.54 (exo) (S3.7,= 1.8,
‘/].Jemla= 3.5. J‘x.}'= 5.5 J7'7= 10.5)
3 o= 7.9} 2.23 (ex0) 1.89 (sym)
(J1.5= 3.5, (J7.7,=10.5)
./3.3_"‘ 155)
3¢ 2.3% 4.52 393 2.49 1.33—1.40 (endo)  1.33—1.40 (endo) 1.48 (ant)
(Ji2=1.6) (exo-HCI) (endo-HCH) 1.61—1.68 (exn) 1.61—1.68 (exo) 2.09 (syn)
(‘ll.Z: 16, (13'73= 28,
Jy 3= 3.9) J23=3.9)
4 2.69 3.84 2.16 (endo) 2.35 1.29—1.42 (endo) 1.29—1.42 (endo) 3.87 (Jh49=
(J1 4= 4.2) (/1= 1.2, (J39= 1.2, (J34= 1.66—1.73 (exo) 1.66—1.73 (exo) J31= 1.2)
.12‘_';: 83) J2_3= 83, J4|5= 42)
J3‘3= l33)
2.65 (exo0)
5% 3.18 3.61 .85 (endo) 2.88 6.18 5.98 1.65 (anti)
(.]—_)_7J= [9, (jz'_}: 76 (J|'5= 2.8 (J-8.6= 28, (-/3_7;1: 19‘
jZ.)endu= 2.7, ./3_3= [31) ./; ' 57) J5‘5= 57) 7‘7= 88)
12000 7.6) 2.17 (exo) 1.96 (syn)
(12‘J= 27. (./7.7= 8.8)
Jy 3= 13.1)
6 R 382 1.35 1.32 1.08 1.26 (exo) 1.33 (an)
(j3.5= 60) (JJ,_S: 5.9, (-14‘5= 5.9, (‘/6,6= IOS) (./7_7= 9.4)
15 4= 6.0) Jy5=6.0) 1.41 (endo) 1.93 (syn)
(‘,6.6= 105) (./7‘7:" 94)
7¢ 2.05 3.10 1.66 (exo) 2.05 3.10 1.66 (exo0) (Js = 3.5, 1.82
(‘Il.h= 53) (./'_7.3(,_‘, = 3.5, (-/2‘3‘: 35, (./3_4: 53) (JS.Ge.m= 3.5, Jl‘6= 53,
2 dendo™ 3-3) J/14= 53, 5 bendo= 3-3) Js 6= 10.5)
J3‘3= 105) 1.23 (Eﬂdo)
1.23 (endo) (J5 6= 8.0,
(./3_3= 152) '/6.6= 152)
87 2.30 3.73 1.58 (J1 4= 1.35 (J5 4= 1.83 (/5= 4.45 .55 (Jy = 1.5,
(Jy .= 1.5) (exo-HCI) Jy5=3.2) Jy =320 Jy5=5.2) (endo-HCI) Jr= 11D
203 (Jy 4= 1.5,
j7_7= 112)
94 2.35 3.87 1.58 1.62 (J3 4= .58 187 2.18
(./2_3:" 15) (JZJZ 15. J4_5: 54) (JS.6= 1.5
J3a= 4357 5.9 Sys= Jas= 5Y)
10¢ 37 3.3 4.31 32 6.14 6.25 1.77 (anti)
(J1.3= 3.3 (JI,J: J3‘4= 13 (J/ = 3.8, (J = 3.8, (J7_7: 9.3
./5.(,: 5.2) JS.(): 52) 211 (_Sy’l)
(J7"': 9.5
1 330 4.09 4.09 3.30 6.16 L 55 (anti)
(J:_'T‘: 2.2 (J}"I':‘ 2.2 (J/ =122) ('/7_7= 9.5)
2.41 (syn)
(J'/',T: 95)

CDLCL "H—Ar: 739 () =89, 2

Hy 813 (J = 89, 2 H).

‘CDC. “H~Ar: 7.35 (J = 78). 7.39, 7.75 (2 H).

*C,y D
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Table 2. 3C chemical shifts {(ppm) for compounds I—11

Com- C(l) C(2) C(3) C4) C(5) C(6) Cch

pound

1a7 4572 3500 60.13 4388 3444 2891 28.06
1b® 45.23 3439 53930 4311 33.60 28.71  28.10
pAd 48.63 30.68 4563 38635 2903 28.77  36.61
3 46.71 42.00 38.54 4838 27.63 28.99 3453
40 4932 2845 40.07 44.82 23.67 18.62 2570
59 33.43 2496 3962 43.51 13853 13380 46.61
67 38.33 3501 1979 1339  {3.39 31.02 3258
79 49,41 2630 43.77 4941 2630 4377 3441
8 43.77 3205 23.09 1505 2118 2870 3149
9a 4537 2581 2281 1405 2281 2581 31.84
lOf’ 5297 3299 3766 S1.46 138.02 13546 4483
1te 54.82 33.89 33.89 3482 13650 13650 4431

“CD,Cly. 2CDCl;.

Table 3. '3C chemical shifts far the aro- —5@)" (1h)

matic cycle atoms of compounds 1a,b o ¢

Com- C, Cp C,. Cy C, Ce

pound

fa 146.82  128.03 12432 {4584 12432 128.03

th 146,64 126,15 133.20 128.40 124801 136.60

'H NMR spectrum of the reaction mixture before the
separation on SiO- makes this assumption unlikely.

One can expect the formation of elementary iodine
in the disproportionation of Pl;

1P, == Pug 4 I,

but the iodination with elemental iodine results in the
expected 2,3- (3) and 2,7-diiodides (4); this permits us
to reject the hypothesis about participation of elemental
iodine in the iodination with phosphorus trijodide.
Likewise, the hypothesis that the product of the addi-
tion of phosphorus triiodide to the double carbon-carbon
bond (similar to that in the reaction with phosphorus
tribromide: PBry + >C=C< — Br—C—~C—PBr,, see
Refs. 5, 6) is the intermediate in this reaction cannot
explain satisfactorily the results of the iodination with Pl;.
since the C—P bond is very strong and there are no
conditions for its hydrolysis in the course of the process.
The spatial location of substituents in adducts 1a and
1b is unambiguously determined by the coupling con-
stants of the a-protons of HCS groups and HCI groups,
which have characteristic values in the rigid norbormnane
skeleton.” For example, the J»; = 4.9 Hz value for 1a
corresponds to the rrans-configuration of these protons,
which appear in the spectrum at 3.38 and 4.03 ppm.
respectively. The relatively large vicinal constant J; 5
(4.0 Hz) of the proton of the HCI group indicates its
exo-orientation. Similar interaction with the other pro-
ton focated at the head of the bridge (H-4) is not
observed for the endo-protons of the HCS group, but a

typical W-coupling constant appears for the anti-H(7)
and H—CS protons (2.0 and 2.4 Hz). Similar interac-
tions are also typical of 1b (see Table 1).

The exo configuration of the iodine atom in the
product 2 was determined by the !H—'H COSY method.

trans-Diiodonorbomane (3) is the main product of the
iodination of norbormene with elemental iodine. [ts stabil-
ity, which is unusual for an 1,2-cycloalkane diiodide, may
result from the fact that its two iodine atoms cannot form
the antiperiplanar conformation that substantially im-
pedes the elimination. The coupling constants of the
a-protons (see Table 1) also served as key parameters for
the determination of the stereochemistry of product 3.

In addition to diiodide 3, a certain amount of the
product of the Wagner—Meerwein rearrangement (4)
with a syn-configuration of the iodine substituents is
formed in the reaction of norbormene with 1,. The
structure of the product 4 is confirmed by the coupling
constant of the anti-H(7) and endo-H(3) protons, which
equals 1.2 Hz.

However, the reactions of norbornadiene with phos-
phorus triiodide under conditions similar to those for
norbomene give a set of products of other type. The
formation of iodosulfenylation products is not observed
at all even when the reaction is carried.out in the
presence of arylsulfenamides; insead, the reaction af-
fords a mixture of hydroiodination products (5—7) in a

high yield:
| I 1
+ +
|
Fly, ArSNR 5 5, 23% 6, 23% 7.28%
PL,,ANCI
Bl sl .
{ 1
Pl 8, 65% 9, 30%
7
1
2
1 +
: . I
I
10, 8% 11, 32%

8, 75% + 9, 25%

The addition of ¥, ¥N-diethylichloramine to the reac-
tion mixture results in products of other structure,
namely, diiodides of nortricyclane structure 8 and 9,
similar to the products of the addition of elemental
iodine. The unusual formation of product 9 of di-endo-
configuration of the substituents and the absence of di-
exo-iodide are noteworthy. These can be explained by
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the endo-attack of the electrophile, which s not typical
of such systems.3 As a rule, this process results in
products of the attack ot a nucleophile at the position
adjacent to the clectrophile (of 10 type) rather than
nortricyclenes, since the nucleophilic attack at the
p-electron pair of the double bond on the front side of
the iodonium cation is extremely unfavorable.® When
the jodination is carried out with Pl in the absence of
other electrophiles. diiodides 10 and 11, the products of
the addition at only one of the two multiple bonds of
norbomadiene, are formed. In addition, the 'H NMR
spectrum of the reaction mixture indicates the presence
of at least three jodides of nortricyclane structure, which
were impossible to isolate in individual forms because of
their Jow totai yield (not higher than 5 %).

The set and the structures of the iodination products,
as welil as the reaction conditions (low temperature,
polar solvent), allow us to assume the electrophilic
nature of the addition in all of the cases except Pls.
However, the pathways for the formation of compounds
2 and 7 in the absence of reactive hydrogen remain
unclear.

Monoiodides 5 and 6 were isolated by chromatogra-
phy and characterized as a mixture. The 'H—'H COSY
spectrum of 5 shows strong H(5)—H(6). H(2)—H(3),
and H(3)—H(4) interactions and slightly less manifested
H(5)—H(4)., H(6)—H(1), and H(2)—anri-H(7) interac-
tions. At the same time, the absence of the H(1)—H(2)
interaction allows one to reject the possible structure
with the proton at the substituent in the exo-position.
Structure 3 is additionally confirmed by the NOE ex-
periment. {rradiation of the H —CI proton (3.61 ppm)
results in an increase of the integral intensity of the H(!)
(3.18 ppm). endo-H(3) (1.85 ppm), and H(6)
(5.98 ppm) signals and does not change the multiplet
signal assigned to the syn-H(7) proton (1.96 ppm).

The iodide 6 of nortricyclane structure displays 'H
and !3C NMR spectral parameters typical of similar
structures.>!® The exo-configuration of the substituent
relative ta the C(7) atom is proved by NOE: a noticeable
effect was observed for the H(6) proton (1.41 ppm) and
was absent for the H(7) protons (1.33 and 1.93 ppm)
when the H—CI proton (3.82 ppm) was irradiated.

The NMR spectra of di-exo-iodide 7 consist of few
lines (four signals in the '*C NMR spectrum and six
signals in the 'H NMR spectrum), which confirms the
high symmetry of the system. The endo-configuration
was assigned to the HCI protons (3.10 ppm), since no
vicinal interactions between them and the H(l) and
H(4) protons (2.05 ppm) Jocated at the head of the
bridge were observed.

Diiodonortricycianes 8 and 9 were isolated and char-
acterized as mixtures of isomers. The chemical shifts at
the substituents corresponded to the correlations given
in Ref. 9. The signals in the 'H NMR spectrum of 8
were assigned on the basis of the NOE experiments: the
perturbation of the exo-H—-CI proton (3.73 ppm) re-
sulted in an increase m the integral intensity of the syn-

oricnted (with respect to the above proton) H(7) proton
(1.55 ppm). However, in the case of the irradiation of
the endo-H—CIl atom (4.45 ppm), the signal of the
H(7) proton remains unchanged, while an increase in
the integral intensities of the signals of the H(l) and
H(5) protons is observed.

Di-endo-iodonortricyclane 9, which is stereoisomeric
to compound 8, is characterized by isochronic signals of
the H—CI protons (H(2) and H(6)) and the correspond-
ing carbon atoms (C(2) and C(6)) due to its symmetry. [t
is noteworthy that due to the steric effects of the two
iodine atoms, the two carbon a-atoms (25.81 ppm) in
compound 9 are by 3- 35 ppm more shiclded than in
isomer 8 (28.70 and 32.05 ppm). The exo-configuration
of protons at the substituents was determined on the basis
of the 'H—TH COSY of 2 mixture of 8 and 9: the cross-
peaks of the H—CI protons of nortricyclane 9 are similar
to those of the exo-H—Cl protons of compound 8.

Ditodides 10 and 11, which are the main products of
the reaction of norbornadiene with Pl; in the presence
of MN-chloramine, were isolated in individual forms after
two-stage chromatography of the reaction mixture.

The trans-configuration of the substituents in diiodide
10 follows from the lower value of the J; 3 coupling
constant (3 Hz) and from the presence of two non-
equivalent signals of olefin protons. The cis-di-exo-
configuration of diiodide 11 is proved by the presence of
the sole signal of olefin protons (6.16 ppm) and one
signal of H—CI protons (4.09 ppm), as well as by the
appearance of a W-coupling constant (2.2 Hz) for the
H-—CI and anti-H(7) protons.

Thus, the reaction of olefins of the bicyclof2.2.1}hep-
tane series with phosphorus triiodide in the presence of
weak electrophiles opens up the possibility for the prepa-
ration of various mono- and diiodides with norbornane,
norbornene, and nortricyclane structures that are im-
possible to synthesize by direct iodination of these ole-
fins. The mechanisms of the reactions described above
require thorough studies.

Experimental

NMR spectra were obtained on a Varian VXR-400 instru-
ment at working frequencies 400 MHz (‘H) and 100 MRz
('3C). Chemical shifts are given in the 6 scale with SiMey as
the internal standard. The reaction was monitored by TLC on
Silufol plates (the eluent was an ethyl acetate—heptane mix-
ture. | - 10). The reaction products were isolated by prepara-
tive TLC on Silufol plates with the same eluent.

Phosphorus tritodide was synthesized by the procedure in
Ref. 11 from HI and PCly in CCl,.

Reaction of Pl; with norbornene asd nocbornadiene. A
solution of an olefin (3 munol) was added to a solution of
phosphorus tniiodide {0.82 g. 2 mmol) in anhydrous methyl-
ene dichloride at —70 °C with stirring. After 0.5 h the tem-
perature of the reaction mixture was gradually increased to
~20 °C, the reaction mixture was filtered through a silica gel
column (A = 3 ¢m), the solvent was cvaporated in vacuo, and
the residue was chromatographed.
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Reaction of PI; with norbomene and norbornadiene in the
presence of ArSNR; or RyNCIL. A solution of N-(e-nitrophenyi-
thin)- or N-{p-nitrophenylthioymorpholine (0.48 g, 2 mmol)
or N, N-diethylchloramine (0.21 g, 2 mmol) in anhydrous me-
thylene dichloride was added to a solution of phosphorus
trilodide (0.82 g, 2 mmol) in the same solvent with stirring at
—70 °C. A solution of olefin (3 mmol) was added after 10 min
at the same temperature. After 0.5 h the temperature of the
reaction mixture was gradually increased to ~20 °C, the reac-
tion mixwure was filtered through a silica gel column (h =
5 ¢m), the solvent was evaporated in vacuo, and the residue
was chromatographed.

Reaction of 1, with norbornene and norbornadiene. A
solution of an olefin (3 mmol} was added to a solution of
iodine (0.51 g, 2 mmol) in anhydrous methylene dichloride
with stirring at —20 °C. The temperature of the reaction
mixture was increased 1o ~20 °C, the mixture was stirred untij
the color of the [y disappeared. the solvent was evaporated
in vacuo, and the residue was chromatographed.

endo-2-1odo-exo-3-(p-7-nitrophenylthio)bicyclo{2.2.1]hep-
tane (la). R, 0.60. Found (%): C, 42.01; H. 3.94.
C,3H 4 NO,I8. Calculated (%): C. 41.61: H, 3.76.

endo-1-1odo-exo-3-(o-nitrophenylthio)bicyclio{2.2.1}hep-
tane (1b), R; 0.60. Found. (%): C, 41.07; H, 3.95.
Ci3H 1 sNG,IS. Calculated (%): C, 41.61; H, 3.76.

exo-2-lodebicycio{2.2.1]heptane (2), R; 0.93. Found (%):
C, 37.09: H, 4.94. C;H 1. Calculated (%): C, 37.86: H, 4.99.

trans-2,3-Diiodobicyclof2.2.11heptane (3), R, 0.76. Found
(%): C, 24.01; H, 3.00. C;H ol,. Calculated (%): C, 24.16;
H. 2.70.

exo-syn-1,7-Diiodobicyclo{2.2.1]heptane (4), R 0.38. For
a 3 + 4 mixture, found (%): C, 23.82; H, 2.46. C,Hl,.
Caleulated (%): C, 24.16; H. 2.70.

exo-2-lodobicycle{2.2. 1 Thept-5-ene (5), R; 0.78.

exo-2-lodotricyclo{2.2.1.03-5theptane (6), R; 0.78. Fora 5
+ 6 mixture, found {(%): C, 37.98; H, 3.97. C;Hql. Calculated
(%): C. 38.21; H. 4.i2.

exo,exo-2,5-Diiodebicyclio{2.2.1]heptane (7). R; 0.71.
Found (%) C, 24.36; H. 2.96. C,Hgl,. Calculated (%):
C. 24.16; H, 2.90.

exo,endo-2,6-Dijodotricycto[2.2.1.03-5Theptane (8), R; 0.68.

endo,endo-2.6-Diiodotricyclo[2.2.1.03-5|heptane (9),
Ry 0.68. For a 8 + 9 mixture, found (%): C, 23.94; H, 2.09.
CyHgls. Calculated (%) C, 24.30; H, 2.33.

exa,endo-2,3-Diiodobicyclo[2.2. 1 Jhept-5-ene (10), Rr 0.74,
Found (%): C, 24.53; H. 2.51. CyHgl,. Calculated (%)
C. 24.30; H, 2.33.

exo,exo-2,3-Diiodobicyclof{2.2.11hept-5-ene (11), R; 0.78.
Found (%): C, 24.58; H, 2.57. CyHgl;. Calculated (%):
C, 24.30; H, 2.33.
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