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Abstract-The mass spectra of exo-2-norbornyl chloride, 1- and 2-methyl exo-2-norborny1, exo- 
camphenilyl, apoisobornyl, bornyl and isobornyl chloride, and camphene hydrochloride, a- and b- 
fenchyl chloride and fenchene hydrochloride, and exo-isofenchyl chloride and 2,5,5-trimethyl 
exo-2-norbornylchloride,andcampheneand a-fenchene have beenexaminedat 12 to 16 and 80 eV and 
at 30 to 49 and 80", or higher temperatures. Wagner-Meerwein rearrangenients occur very readily in 
the ion source and compounds reiated by these rearrangenients give very similar fragmentation 
patterns. Thermal decompositions are important with the tertiary chlorides especially at higher 
source temperatures. The rates of methanoiysis of some of these chlorides were measured. 

MANY WORKERS have discussed the mechanism of reactions in ion sources of mass 
spectrometersl and the relation between gas phase elimination of hydrogen halides 
from alkyl halides and SKI and El solvolytic reaction~.'".'',~ Many of these gas phase 
eliminations involve rearrangement of the carbon skeleton, as in the corresponding 
S O I V O I ~ S ~ S ~ ~ ~ , ~ ~  and relative rate sequences are similar in both sets of chemical reactions. 

Our interest in this problem was stimulated by the analogy drawn by DeJongh 
and Shrader between the relative intensities of the peak due to the molecular ion, 
C,H,,Brf and the base peak, C,H,,+ and the rates of solvolysis of exo- and endo-2- 
norbornyl b r ~ m i d e s . ~  According to the kinetic approach to mass spectra using the 
steady state treatment: the rate of formation of C,H,,+- from C,H,,Br+ should be 
proportional to the ratio of the recorded intensities and the relative rates were in fact 
similar to those found for the solvolyses, provided that allowance was made for the 
temperature difference between the two sets of experiments. (This treatment also 
ignores solvent effects and ion pair return.) Recent work, however, has shown that 
the ratio of daughter peak to parent depends on the accelerating voltage' and that the 
simple treatment is only approximate. 

There has been considerable work done on the fragmentation of bicyclic terpen- 
oids,s to l1 but for the most part the terpenes themselves or their oxygenated derivatives 
have been studied. The study of the norbornyl bromides has been mentioned5 and it 
has also been shown that the mass-spectral fragmentation pattern ofendo- and exo-2- 
norbornenyl chloride is dominated by the retro-Diels-Alder reaction.ll 

We have examined the mass-spectral fragmentation patterns of a number of methyl 
substituted endo- and exo-2-norbornyl chlorides, using an MS-902 double focusing 

* NDEA Title IV Fellow 1965 to 1968. 
6 8 1  
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spectrometer with a cooled ion source to minimize thermal decompositions which 
may complicate the spectra12 and varying the electron voltage in order to simplify the 
fragmentation pattern. So far as was possible we chose compounds which generated 
ions which could be related by Wagner-Meerwein rearrangements, so that we could 
compare the reactions in the ion source with solvolyses. We used chlorides, because 
loss of C1. from the parent ion (u )  generates the carbonium ion, (b),  by either of two 
reactions :13 

I 1 +  1 
RCI + e- + RC-CI. + RC+ + C1. 

Alcohols, ketones and olefins generally fragment to give radical cations.12J4 
An additional advantage of using chlorides is that any chlorine-containing frag- 

ment will show isotopic peaks due to the presence of 35Cl and 37Cl. 
The mass spectra of these norbornyl chlorides are not rich in metastable ions, at 

least under the conditions which we used; however we were able to support some of 
the postulated reactions by observation of metastable ions. When inetastable peaks 
are generated in the decomposition of the molecular ion to a daughter ion with loss 
of chlorine we should observe two rnetastable peaks due to the presence of both 3 W  

and 37Cl. However the metastable pealcs were generally very small and hence the 
smaller of the two was not observed. 

RESULTS 

The mass spectra were examined to determine (i) the mechanism of fragmentation 
to the major ions; (ii) the degree to which isomers related by Wagner-Meerwein 
rearrangement give the same spectra; (iii) the relative ion intensities for enúo- exo- 
isomers; (iv) the effects of changes in electron voltage and source temperature upon 
the mass spectra. We could not study al1 these questions because we could not make 
some of the endo-chlorides. 

Where m/e values are given for ions which contain chiorine, those in parentheses 
relate to the ion which contains 37Cl. The mass spectra are shown in either figures or 
tables. We have generally used figures for the mass spectra obtained at 80 eV and 30" 
and tables are used for those obtained at  low electron voltages and at higher tempera- 
tures. The mass spectra for camphene (XIV) and a-fenchene (XV) are very similar to 
those observed by Ryhage and von Sydow ushg a single focusing mass spectronieter at  
20 eV and 250°.8 

We give the peak sizes as percentages of that of the base peak and in the tables we 
have omitted those peaks which are less than5 %of thebasepeak,except for the rnolec- 
ular ion peaks (for some of the more complex spectra we oniit those which are less 
than 10 %). A few spectra were run at 170", but these have not been tabulated, because 
they are similar to those obtained at  70 to SO", with the exceptions noted. 

In our discussion of reaction schemes we do not consider the ions of low m/e 
(<ca. 60), because Dimmel and Wolinsky have discussed this problem in detail.1° 



The mass spectra of some methyl norbornyl chlorides 

The following 2-norbonyl chlorides were examined : 

exo-2-norbornyl chloride (1) 

1-methyl-exo-2-norbornyl chloride (11) 

2-methyl-exo-2-norbornyl chloride (111) 

exo-camphenilyl chloride (IV) 

apoisobornyl chioride (V) 

bornyl chloride (VI) 

isobornyl chloride (VII) 

camphene hydrochloride (VIII) 

a-fenchyl chloride (IX) 

/3-fenchyl chloride (X) 

\ 

4 c1 

Cl 
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a-fenchene hydrochloride (Xi) 

exo-isofenchyl chloride (XII) 

2,5,5-trimethyl-exo-2-norbornyl chloride (XIII) 

Two olefins were also examined : 

camphene (XIV) 

a-fenchene (XV) 

exo-2-Norbornyl chloride (1) at m/e 
( i )  There are major peaks at m/e 130 (132), 95,68 and 67 (Table 1). Reactions by 

which these ions could be formed are shown in Scheme 1. 

TABLE 1 .  PRINCIPAL PEAKS I N  MASS SPECTRA OF eXO-?,-NORBORNYL CHLORIDE* 

Electron m/e 
voltage 39 41 53 54 55 66 67 68 69 79 81 88 95 130 132 

- 
47 100 - - 6 - 23 46 13 _ _ _ _ _ _  16 

80 14 9 7 8 5 8 7 7 1 0 0  5 6 6 5 1 8  31 9 
~~ 

* At 30". 

1-Methyl and 2-methyl-exo-2-norbortzyl chloride (11) and (111) 
(i) The major peaks are at m/e 144, (146), 129, (131), 109, 108, 81, 68 and 67 

(Table 2" and Fig. 1) and could be formed as in Scheme 2 for the tertiary 2-methyl- 
2-exo-2-norbornyl chloride. 

(ii) The mass spectra of secondary and tertiary chlorides are almost identical. 
(iii) When the electron voltage is decreased to 16 eV the spectra are simplified. 

The base peaks are still at m/e 81, but the relative intensities are changed and the 
parent peak at m/e 144 (146) is larger for the tertiary than the secondary chloride, as 
are those due to C,  ions. 

* See Appendix. 
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85 

SCHEME 1 

An increase in source temperature from 30 to 71" increases the peak at m/e 67 of 
the cyclopentenyl cation more for the tertiary than the secondary chloride and for 
both isomers the molecular peak is decreased and the spectra contain more minor 
peaks. An increase in source temperature to 170" decreases the intensities of peaks 
due to ions of high m/e, but in other respects the spectra are very similar to those 
obtained at  71". 

(iv) There are metastable peaks at  m/e ca. 45.5 and 45 in the mass spectra of both 
1- and 2-methyl norbornyl chlorides which could be generated in the decomposition 
of molecular ion at m/e 144 to the ion of m/e 81, suggesting that loss of chlorine and 
elimination of ethylene can occur sirnultaneously rather thati stepwise as shown in 
Scheme 2. 

exo-Cainphenilyl chloride (IV) and apoisobornyl chloride (V) 
(i) The major peaks are at m/e 158 (160), 123, 122, 109 and 67; in addition there 

are severa1 moderately sized peaks in the range m/e 78 to 81, which are probably C, 
fraginents, which could be formed for example from m/e 109 by loss of methyl groups 
(Table 3* and Fig. 2). Reactions by which the ions could be formed are shown in 
Scheme 3. 

(ii) The mass spectra of the Wagner-Meerwein related isomers are very similar 
for the high masses. 

(iii) Lowering the electron voltage to 16 eV leads to a decrease in fragmentation 
as does a decrease of ion source ternperature. The mass spectra of these chlorides 
were also obtained at 16 and 80 eV and 79". The spectra are very similar to those 
obtained at 30", except that the peaks at lower m/e values are favored relative to those 
at high. However, with exo-camphenilyl chloride (TV) the peak at  m/e 123 increases 
slightly relative to the adjacent peaks with an increase in temperature. 

* See  Appendix. 
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l n  Scheme 3 we show a stepwise scheme for decomposition of the molecular ion to 
the ion at Pnle 109. We observed metastable ion at mle 75-2 in the mass spectrum of 
apoisobornyl chloride (V), which however, could be formed by the direct decomposi- 
tion of the molecular ion in which these various steps are concerted. In this scheme 

1 ' :" ' l III I 
50 70 

80 eV3Oo 

90 110 130 150 
lll/L? 

FIG. 1. Mass spectra of 1- and 2-methyl norbornyl chloride (11) and (111). 

and in others where we show the elimination of a methylene residue from a substituted 
methyl cation it is posible that ring fission and loss of 14 m a s  units are concerted 
processes. 

Although the mass spectra of these two chlorides are very similar, there are differ- 
ences in the intensities of the peaks at [M - 351 (m/e 123) due to loss of a chloride 
atom from the parent ion. This loss is greater with exo-camphenilyl chloride (IV) than 
with apoisobornyl chloride (V) with 16 eV electrons, but less with 80 eV electrons. 
This difference may reflect a tendency for greater fragmentation of the [M - Cl]+ 
peak with higher electron voltages, ora change in thedissociative process with changing 
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SCHEME 2 

electron voltage,13 e.g. we could have 
at 80 eV +. + . 

RCI + e- -, RC1- R + C1 
at 16eV 

RCI T e- + Rf + El + e- 

For solvolysis apoisobornyl chloride is the more reactive, by a factor of ea. 200 
at 25" in methanol. These differences illustrate the problems in relating the rates of 
ionization of norbornyl halides in solution to the fragmentation pattern in a mass 
spectrometer ion s o ~ r c e . ~  

Bornyl and isobornyl chloride, (VI) and (VII) and camphene hydrochbride (VIII) 
(i) The major peaks in the spectra are at m/e 172, (174), 157 (159), 137, -- 136, 121, 

110, 107,95,93. (Table 4* and Figs. 3 and 4). The underlined peaks are also found 
in themass spectrum of camphene, (Table 4 and Ref. 8). 

The reactions by which they could be formed, are shown in Scheme 3. It should be 
noted that certain ions, e.g. that at 136 and those derived from it could be formed by 
thermal decomposition to camphene, followed by its ionization. 

(ii) The mass spectra of isobornyl chloride (VII) and camphene hydrochloride 
(VIII) are almost identical, suggesting either that a common non-classical ion is 

* See Appendix. 



88 C. A. BUNTON and T. W. DEL PESCO 

100 

r, c 
u) 
C 
Q) 

S 

o> 

a 

.- 
c - 
.- > 100 

E 
c - 

&CI 
80 eV 30° 

&CI 
80 eV30° 

FIG. 2. Mass spectra of exo-camphenilyl and upo-isobornyl chloride (IV) and (3. 

formed, or that the ions are rapidly equilibrating. The differences probably arise 
because of the greater thermal instability of camphene hydrochloride. 

(iii) The spectra of isobornyl (VII) and bornyl (VI) chlorides contain the same 
peaks, but with different intensities. The major differences are in the ions m/e 136, 
121 and 93, which are more prominent in the spectrum of isobornyl chloride and are 
also found in the mass spectrum of camphene. These differences correspond to the 
faster thermal decomposition of isobornyl as compared with bornyl chloride.25,2b 

(iv) Increasing the temperature of the ion source increases the intensity of those 
ions which could be formed from camphene, suggesting that thermal eliminations may 
be very important in determining the appearance of the mass spectrum. Decreasing 
the electron voltage has the same effect and could be caused by changes in the compe- 
tition between direct ionization of the chlorides and thermal elimination to camphene 

(v) The base peak in the mass spectrum of isobornyl chloride (VII) has m/e 136 
(XIV). 
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SCHEME 3 

and there is a metastable ion at m/e 107.8 which could be generated in the decomposition 
of the molecular ion at m/e 172 to the base peak at m/e 136. 

In Scheme 4 we show the ion at m/e 136 decomposing to the ion at m/e 121 and 
then losing : CH,; clearly direct decomposition of the ion at m/e 136 to that at m/e 
107 with loss of C,H, is an attractive alternative. 

We can compare these reactions in the ion source with those in the gas phase by 
using the relative intensities of the ions [M - HCI]+/[M]-+ as a measure of the relative 
rates of loss of HCI from isobornyl and bornyl chloride (VI) and (VII). The relative 
rate in the mass spectrometer is ca. 4, while in the gas phase elimination it is 10 at 350' 
and the relative reactivities should decrease with increasing temperature.2a We can 
also compare our values for the relative rates of loss of C1. for isobornyl and bornyl 
chloride, on the assumption that they are given by the relative values of [M - CI]+/ 
[MI+. For isobornyl and bornyl chloride the relative rate is 2, as compared with 10 
for exo- and endo-norbornyl b r ~ m i d e . ~  For solvolyses the relative reactivity of the 
exo-isomer is very much greater for isobornyl-bornyl chlorides as compared with the 
norbornyl compounds.15 

These differences in relative rates point out the weakness of these analogies between 
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FIG. 3. Mass spectra of bornyl and isobornyl chioride (VI) and (VIII). 

relative rates in an ion source and in thermal gas or solution phase reactions. 
These weaknesses inay stem from the inherent errors in the determination of relative 
rates in an ion source' and from neglect of thermal decompositions which may 
precede ionization. 

M- and /?-Fenchyl chloride, (IX) and (X), and a-Fenchene hydrochloride (XI) 
(i) The major peaks are at m[e 172 (174), 157 (159), 137, 136, 123, 121, 93, 81, 

80,79. Theunderlined peaks are also formed in the mass spectrumof a-fenchene (XV). 
The results for these chlorides and a-fenchene are given in Table 5 * and Figs. 5 and 6. 
Reactions by which these ions could be formed are shown in Scheme 5. 

(ii) The spectra of a-fenchene hydrochloride (XI) and /3-fenchyl chloride (X) 
are similar except that those ions which could be formed by a thermal elimination to 

* See Appendix. 

- -  
-- 



The mass spectra of some methyl norbornyl chlorides 91 

A C l  
80 eV79O 

50 70 90 110 
nrle 

L 130 150 178 

FIG. 4. Mass spectra of isobornyl chloride and camphene hydrochloride (VII) tind 
(VIII). 

a-fenchene (XV), followed by its ionization, are much larger with cc-fenchene hydro- 
chloride (Figs. 5 and 6). 

(iii) The mass spectra of CI- and b-fenchyl chlorides (TX) and (X) are very similar, 
except for the ion at m/e 157, unlike the situation for bornyl and isobornyl chloride 
(VI) and (VII). 

(iv) With decrease of the electron voltage from 80 eV to 16 eV the mass spectra of 
a-fenchene (XV) and cc-fenchene hydrochloride (XI) became very similar suggesting 
that thermal elimination now gives considerable amounts of a-fenchene which is then 
ionized. 

The presence of the peak at  mle 81 in the spectra of these fenchyl chlorides suggests 
that the fenchyl cation (c) readily undergoes a hydride shift to generate the isofenchyl 
cation (d). This migration is very common in carbonium ion reactions of bicyclic 
compounds.4 
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( c )  (4 

One important feature of these spectra is that the ion m / e  157 [M - 151 is formed 
by the ionization of both fenchene hydrochloride (XI) and P-fenchyl chloride (X), 
where the Wagner-Meerwein rearrangemeiits can readily occur, but not with the ei7do- 
secondary compound cc-fenchyl chloride (IX). 

CH2 th ntje 136 

A 1 - I I C l  

mjr 172 (174) 

-1 
[M - CHJ+ 

m/e 157 (159) 

-cll:<, 

--+ 

mle 121 rnje 107 

m!e 137 

mie 93 

- ll+D 
inje 110 

-CH3. 

m/e 95 

SCHEME 4 

The peak at m / e  123 is moderately iinportant in some of these spectra and could be 
formed by loss of : CH, frorn m/e 137. This reaction, like the formation of the ion of 
m/e 79 from m / e  93, could involve transfer of hydrogen from a methyl group to the 
residual ion, or elimination of a carbene at C,, C, or C,. Another possibility is that 
the molecular ion at m/e 172 decomposes directly to the ion of m/e 123, because in the 
mass spectrum of cefenchene hydrochloride (XT) we observe a small metastable of 
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FIG. 5. Mass spectra of a- and p-fenchyl chloride (IX) and (X). 

mle -89, and the transition mle 172 -+ mje 123 could give a metastable ion at mle 
88.3. Somewhat similarly the ion at  m / e  79 could be formed by loss of a C,H, residue 
from the ion at m/e 136 rather than by the stepwise process shown. 

exo-Isofenchyl chloride (X11) and 2,5,5-trin~ethyl-e~o-2-1iorbornyl chloride ( X i  11) 

(i) There are major peaks at  m/e 157 (159), 137, 136, 121, 109,95 to 93,81 to 79, 
(Table 6* and Fig. 7). Reactions by which these ions could be formed are shown in 
Scheme 6. 

(ii) The mass spectra of these Wagner-Meerwein related isomers are very similar. 
(iii) Lowering the electron voltage to  16 eV decreases the extent of fragmentation 

for both isomers. 
The unusual feature about the mass spectra of these isomers is that the base peak 

is that of the [M - 151 ion formed by loss of a methyl group. We assume that it is 
the 2-methyl group which is lost, but isotopic labeling i s  needed to test this assumption. 

* See Appeiidix. 
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As an additional feature of the spectra is the ion at m/e 79 which is formed from the 
tertiary chloride (XIII), but is relatively unimportant with the secondary chloride. 
The peak at  mle 79 is present in the mass spectra of both camphene and a-fenchene 
and some of the other chlorides but isotopic labeling is necessary to determine how it 

100 

80 4 eV30' 

50 70 90 110 130 150 
mle 

FIG. 6. Mass spectra of a-fenchene hydrochloride and a-fenchene (XI) and (XV). 

is formed. Loss of hydrogen atoms from the ions m/e 81 and 80 is a possibility, but 
thermal elimination of HCI from (XIII) would give an isofenchene whose mass spectra 
would include a peak at mle 79. 

(iv) The carboiiium ions derived from P-fenchyl chloride (X) and exo-isofenchyl 
chloride (XII) are interconvertible by 2,6-hydride shifts and the mass spectra of these 
two compounds show considerable similarities (Figs. 5 and 7), except that the peaks 
at m/e 157 and 159 due to methyl loss are very large for isofenchyl chloride, but much 
smaller for P-fenchyl chloride (X) and a-fenchene hydrochloride (XI) which are inter- 
convertible by Wagner-Meerwein rearrangements. 
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The peaks at m/e 157 and 159 were not detected in the mass spectra of the endo- 
isomer cc-fenchyl chloride (IX). 

DISCUSSION 

In al1 the examples examined we obtain very similar mass spectra for Wagner- 
Meerwein related isomers and some of the differences can be accounted for by assum- 
ing that the more reactive tertiary isomer undergoes some thermal decomposition to 
the olefin before ionization occurs and that part of its m a s  spectrum is really that of 
the olefin and in accord with this supposition the differences are greater the higher the 
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FIG. 7. Masc spectra of exo-isofenchyl and 2,5,5-trimethyl-exo-norbornyl ciiioride 
(XII) and (XIII). 

source teniperature. These observations suggest that the mass spectra of thermally 
labile materials may be very dependent upon the source ternperature and geometry. 
Our results do not fit the supposition that the rates of solvolysis can be related to 
the rate of carbonium ion formation in the ion source for a series of structurally 
related norbornyl halides, although this fact may be related to the problem of deter- 
mining the relative rates of formation of ions from measurements of ion intensities.6 

One can, however, draw analogies between the similarity of solvolytic products 
from norbornyl halides and related compounds which can generate a common 
carbonium ion, or a series of equilibrating ions and the similarity of the mass spectrum. 
The lifetime of an ion in the ion source of a mass spectrometer is long by comparison 
with the lifetime of an organic cation in solution.16 Howe and Williams quote 1 to 5 
psec for residence in the ion source and 15 p e c  for travel from the source to collector 
slit for an ion of m/e 100 in the AEI MS-9 spectrometer at 8 kV accelerating voltage.' 
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There is is therefore ample time for a variety of structural rearrangeiments to occur, 
particularly in view of the high energy of the ions. 

It seems probable thst equilibration of these ions is completed before they reacli 
the magnetic analyzer. For exainple 1- and 2-methyl-exo-2-norbornyl chloride both 
give rnetastable peaks of equal intensity at m/e 44.9 and these peaks would be forined 
as a result of a [MI+ + base+ fragmentation involving loss of a chlorine atoin followed 
by the retro-Diels-Alder decomposition: 

In the fragmentation schemes we have left open the question as to whether there 
is a rapid equilibration of tlie parent radical ions formed from isomeric starting 
materials, or whether equilibration occurs after formation of a carbonium ion by loss 
of a chlorine atom or a methyl radical. For most of the compounds which we exa- 
mined it is reasonable to assume that equilibration occurs after loss of CI. or CH,., but 
with exo-isofenchyl and 2,5,5-trimethyl-exo-2-norbornyl chlorides (XII) and (XIlI) 
the amounts of methyl loss, as judged by the size of the [M - 151 peaks at m/e 157, 
are very similar. I t  would seem improbable that two distinct parent ions, one derived 
from a secondary and the other from a tertiary chloride, would lose a methyl radical 
at the same rate and this result provides support for the assumption that the parent 
radical ions undergo a Wagner-Meerwein type of rearrangement. * 

Tn addition we note the possibility that in some cases the molecule nnay iragrnent 
directly to a carboniuni ion, rather than undergo ionization followed by loss of a 
chlorine atom,I3 although for the most part our results can be explained without 
postulating tliese two paths to the carboniuni ion. 

Jn many of our experiments, particularly with low electron voltages, the ion 
currents were sinal1 and metastable ions were not detected, because of their low 
abundance. 

Another series of reactions could generate the ion of mje 109 from some of the 
trimethylnorbornyl chlorides. 

These reactions do not seem to be of major importance becaiise the ion at m/r 110 
is not a strong contributor to many of tlie mass spectra. A similar fragmentation, 
however, probably leads to the ion of m/e 68 in the mass spectrum of exo-2-iiorbornyl 
chloride (Scheme 1). 

* This argument has been phrased in ternis of loss of methyl from C, of Cz, but it should also 
be valid if one of the gem-methyl groups was lost. 
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Our results show that fragmentation patterns are unlikely to help in structural 
investigations of methyl substitutedcompounds which are related by Wagner-Meerwein 
rearrangements and strengthen the conclusion of Dimmel and Wolinsky that it is 
difficult to distinguish between exo- and endo-isomers mass spectroiaetrically.lo 

We can only guess at  the structures and charge distributions of many of the ions 
which are formed in the ion source, in particular with the di- and trimethyl substituted 
compounds, because hydride and inethyl shifts occur readily in the cations formed in 
the ion source and in solvolytic r e a c t i ~ n s . ~ ~ * J ~ - ~ ~  

Many of the ions which are formed by ionization of these norbornyl chlorides are 
also generated by ionization of the alcohols, but the pattern is affected by the ease of 
generation of the carbonium ion from the chloride, as compared with the greater 
possibilities for the initial fragmentation of the parent ion of the alcohols.'JO 

Dimmel and Wolinsky noted that a large peak at m/e 41 appears to be characteris- 
tic of compounds which contain genz-dimethyl groups.1° Our evidence supports this 
conclusion, although the peak at m/e 41 decreases sharply if the ionizing voltage is 
decreased to 16 eV, suggesting that it would be unwise to use low electron voltages in 
determinations of the structure of monoterpenoids by mass spectrometry. 

E X P E R I M E N T A L  
Muferials. The chlorides were prepared from precursors, olefins or alcohols, which were com- 

mercial materials or had been prepared by standard methods and which were purified by preparative 
g.1.c. Al1 the secondary chlorides except isobornyl chlorides were themselves purified by preparative 

As evidence of structure and purity the rates of rnethanolysis of each of these chlorides were also 
measured conductimetrically for the more reactive compounds and titrimetrically for the less. Good 
first order rate constants were obtained for at leact 3 half-lives, and their values fitted nicely with the 
known rate constants for the methanolyses of bornyl and isobornyl chloride and camphene hydro- 
chloride.'j exo-2-Norbornyl chloride (1) was prepared by the addition of HC1 at -78" to norbornene 
in pentane." Analysis of the chloride by g.1.c. using Carbowax 4000, showed that it contained < 1 %  
impurity. 

2-Methyl-exo-2-norbornyl chloride (111) was prepared from 2-methyl-enúo-2-norbornanol (5.55 
g) by converting it into the alkoxide with potassium metal (1.72 g) in stirred refluxing hexane (500 mi) 
under N,, removing excess potassium and slowly adding thionyl chloride (5-11 g) under N2. When 
SO, evolution had stopped the solid KC1 (3.2 g) was filtered off and the hexane pumped off. The oil 
was distilled at 32' and 0.2 mm to give 2-methyl-exo-2-norbornyl chloride, m.p. 32". The meth- 
anolysis at 25" gave a linear first order rate plot for 7 half-lives, with k, = 4.70 X 

The compound was also made from the enúo-tertiary alcohol with conc. HCI in ether18*19 but this 
material contained some secondary chloride (11) as shown by the i .r.  peak at 895 cm-', and the 

g.1.c. 

sec-'. 
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curvature of the first order rate plot after 3 half-lives. Another sample prepared by treating the olefin 
with HCI in dry ether also contained small amounts of the secondary chloride (11). l-Methyl-exo-2- 
norbomyl chloride (11) was prepared by stirring 2-methyl-endo-2-norbomyl with conc. HCI in ether 
for 4 hrs. The product was isolated as an oil by standard methods, and had b.p. 40" at 0 2  mm. The 
first order rate constant of solvolysis in methanol a t  25" was 6-8 x lo-' sec-' (calc. from runs at  
higher ternperatures). 

Apoisobornyl chloride (V) and exo-camphcnilyl chloride (IV) were prepared from enúo-carn- 
phenilol and PClj by the method of Komppa and NyrnaaZ0 The product contained three chloridcs 
(V), 62%; (IV) 32%; and 5,5-dimethyl-exo-2-norbornyl chloride 6%, which were scparatcd by 
g.1.c. on Carbowax 4000. The prcparations of bornyl and isobornyl chloride (VI) and (VII) and 
carnphene hydrochloride (VIII) have been describcd.15 

a-Fenchene hydrochloride (XI) was prepared frorn a-fenchene (XV) and ethereal HCI and from 
a-fcnchol (10 g) in pentane (100 mi) and PCI, at o". The infrared spectrum of both products were 
identical and they had an n.1n.r. spectrum in agreernent with that reported by Brown and Liu.21 
The first order rate constant in rncthanol at 25.0" was 6 X scc-l, the reported value in ethanol 
is 8.5 x 

a-Fenchyl chloride (IX) was obtained with bornyl chloridc (VI) by treating P-pinene with dry 
HCI in ether for 6 hrs. at 30". The product contained (VI) 75 % and (IX) 25 % which were separated 
by g.1.c. using a Carbowax 4000 colurnn at 120". 

b-Fenchyl chloride (X) and isofenchyl chloride (XII) were prepared by rearranging a-fcnchcne 
hydrochloride (24 g) in conc. HCI (300 mi) and ether (50 mi) for 2 hrs. at 30" with stirring. Work up 
of this material with extraction into pentane and washing with water and aq. NaHCO, and drying 
ovcr K,CO, gave an oil which contained @-fenchyl (72 %) and isofenchyl chloride (21 %) and an 
unidcntified compound (7 %) which were separated by g.1.c. using an SE 30 on Chromosorb G column 
at 60". The amount of isofenchyl chloride could be increased by using longer reaction times. 

2,5,5-Trimethyl-exo-2-norbornyl chloride (XIII), was prepared from endo-isofenchol (5 g) and 
PCI, (9-5 g) in pentane (50 mi) at O" with stirring for 3 hrs. The reaction mixture was washed with aq. 
NaHCO, and the pentane layer dried over K,CO,, and the pentane distilled off. The oil (5 g) had 
no absorption in the infrared corresponding to an alcohol or olefin, but its n.m.r. spectrurn, and its 
first ordcr rate constant in methanol, 5.43 x sec-l at 25-0", were consistent with it bcing a 
tertiary chloride. When it was treated with HCl in cthcr it rearranged to P-fenchyl chloride (10%) 
and exo-isofenchyl chloride (85 %) and an unidentified chloride (5 %). 

Mass spectra. The chloridcs are sufficiently volatile to be introduced into the ion source using a 
cold inlct systeni and the ion source tcrnperaturc could be kept at ambient temperature (28" & 3") 
by circulating cold water through the ion source. Dcspite these precautions it seems that thermal 
dccomposition to camphene or a-fenchcne occurred with some of the tertiary chlorides, probably 
because the area around the filament is hottcr than the rest of the ion source. The ternperaturcs 
in the ion source could be rncasured to +3". A rheniurn filament was used in al1 the experiments 
and thc accelerating voltage was 8 kV. The pressure in the analyzcr was ca. 3 x lo-' mm, and in 
the ion source ca. 2 X 10-G mm (rncasured with an ionization gauge adjacent to the ion sourcc). 
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