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SUMMARY

The mass spectra of complexes derived from 
reactions of substituted azobenzenes, benzophenoneazines, 
phenyl hyarazones and benzalanilines with iron carbonyls 
are discussed and structures proposed. The ability of 
iron carbonyls to cleave nitrogen - nitrogen bonds and, 
in some cases, to produce molecular rearrangements 
within aromatic nitrogen systems is demonstrated.
Deuterium labelling at chosen sites within the complexes 
derived from substituted benzalanilines has elucidated 
the mechanism of formation and the resition from which 
the hydrogen atom, which is transferred, originates. 
Discussion is also made on the effect of substitution 
upon the mass spectral decomposition of these complexes.

In other sections the electron impact induced 
dissociation of cyclopentadienyl ̂ .-mercaptido, f*. —
alkoxc andyu dialkyl amido binuclear metal complexes of 
chromium, iron and nickel are compared according to the 
effect of the ligand system and the metal atom involved 
and arguments are proposed which take account of (5̂ and 
TT donor and acceptor abilities of the ligands. Deuterium 

labelling studies are also included to differentiate 
sites of hydrogen transfer in elimination of cyclopentadiene, 
benzene and rnercaptans from these systems. The formation 
of the corresponding metellocenes under electron impact



is also deliberated upon and effects of the ligand 
system upon its formation taken into consideration.

Finally rearrangement ions occurring in the 
mass spectra of some polyfunctional cyclopropane 
systems are compared dith known rearrangement processes 
in related aliphatic compounds and the differences 
noted are discussed in terms of structure and ion 
stabilities. In addition rearrangement processes 
having no precedent in related aliphatic compounds are 
discussed.

FR*NK J. PRESTON
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A mass spectrometer is an instrument designed 
to produce 8 beam of ions, which are separated according 
their mass go charge ratios, so as'to form a spectrum in 
which the relative abundance cf each species present can 
be measured.

Although Lhe beginnings of mass spectroscopy 
can be traced back to 1886 when Goldstein discovered 
’’canal rays'V, the first apparatus which allowed a study 
ana separation of positive ion beams was constructed by 
J.J. Thomson in 1910 (1). The spectrum obtained from 
this first mass spectroscope which was recorded on a 
photographic plate, was a series of parabolic curves, 
each curve corresponding to an ion species of a 
particular mass/charge ratio, and it was with this 
instrument that Thomson gave the first direct experimental 
evidence that stable elements consisted of a number of 
isotopes of different messes.

The next major advance in instrumentation took 
place in 1918 when Aston (*2) and Dempster (3) independently 
completed their first mass spectroscopes. Aston’s instrument 
was an improvement over Thomson’s in that ions of the same
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mass/charge vetio were refocused along a short straight 
line image, regardless of their initial energies, i.e. it 
oossessea the property of velocity focusing. This 
instrument, which had a "resolution $f 130, w^s used by 
^ston to study the isotopic constitution of a large 
number of chemical elements.

Lemostar's instrument did not possess the 
property of velocity focusing but employed instead a 
principle first used by Classen in 1907 in his study,«f 
the mass/charge ratio of electrons, namely that charged 
particles of a given mass 8nd energy diverging from a 
slit in a magnetic field cress again forming an image 
of this slit after deflexion through 180°. Essentially 
mono-energetic beams of ions were produced within the ion 
gun by making use of a collimating system of slits, the 
last of which was situated within the homcgeneous 
magnetic field. The ions were refocused after 
travelling through a semi-circle, at a position along 
the plane containing the ion entrance slit, end at right 
angles to the direction of motion of che ions at this 
entrance slit. Lempster als* introduced the use of an 
electrometer in ore er so measure the intensity of the ion
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currents with greater precision than cculd be achieved 
with a photoplate, and thus mare the instrument mo^e 
suitable for the measurement of isotonic abundances than 
for accurate mass oetermination. The Demrster 
instrument, possessing angular o^ airection focusing 
properties was the first of a large series of so-called 
•single focusing1' rnrss spectrometers*

The focusing properties of mess spectrometers 
can be summarized as follows* Velocity focusing is the 
focusing of a beam of ions, homogeneous in mass, moving 
in the same initial direction at different speeds, while 
angular or airection focusing is the focusing of a beam 
of ons, homogenous in mass moving at the same speed, but 
with different initial directions. .Aston’s spectrograph 
and Dempster’s spectrometer, had only single-focusing 
properties, the former having velocity, but not angular 
focusing; the latte"* had angular, but not velocity 
focusing of the ion beam.

Instruments possessing the properties of both 
velocity ana angular focusing are said t# be doable 
focusing, the theory of vi/hich was first, developed by 
Herzog (4). iiodern double focusing instruments, based 
on the designs of i.Iatauch and Herzog (5) and Johnson^
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Nier (6), ensure, by a suitable combination *#f 
electnosatic end magnetic field selectors, that the 
-position of the final image is independent *f both 
angular a nr velocity divergence of the ions emerging 
from the source. 7ith such instruments, very high 
resolving no ;ers can be obtained by the use of very 
narrow slits, but at the sacrifice of sensitivity.

iiost of the mass spectrometers that have been 
constructor to study the mass srectre of organic 
compounds utilise the Nier (7) electron bombardment 
source which gives a degree of velocity selection 
within the ion gun itself, and is therefore suitable 
for use in angular focusing instruments. These need not 
necessarily be of the Le ipster design which is a 
particular case of the focusing action of any wedge- 
shaped magnetic field, and may utilise a sector magnetic 
field (6).

Ionization of organic compounds can also be 
effected by photon impact (d), field ionization (10, 11, 
i<0 and high voltage spark (13). In general the spectra 
Produced by each of these methods differs in nature 
from the others, but being consistent within themselves,
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ell ?re useful techniques within the limits or their 
application. In addition, the actual secretion ofv
ion beams hr 8 bjen accomplished by use of:-

(e) radio frequency fields as in Bennett- 
Reahead instruments (14), the mess 
synchrometer (15), the omegetron (16), 
the fe^vitron (17), end the qusdrurole 
mess spectrometer (18).

(b) time of flight of the ions (19).
Before the 2nd '-/orld ’/er, crnstruction #f 

mess spectrometers was limited to a few ^esea^-ch groups 
and, although Thomson had realised the potentialities of 
mass spectrometry in chemical analysis, the "home made" 
nature of most mess spectrometers hindered their 
adaption for this purpose. However, the need for 
reliable methods of analysis of petroleum f^acti^ns and 
the advances in electronics design, after the 2nd ’/orld 
War, rs-ewalcenea interest in the mass spectrometer as 
an analytical tool. Analytical methods (20, 21) were 
devised >*hich relied on three criteria:-

(i) the mass spectrum of a given compfund
is fairly reproducible under fixed operating 
conditions.



(ii) the m°ss spectrum of a mixture is a linear

combination of the mnss spectre of the 
components of the mixture.

(it-t r 'the ion abundance of a choseh reference 
peak of a given component is directly 
proportional t# the pa'i'trial pressure of 
that component in the mixture.
The introduction (23) of s heated inlet 

system allowed the determination of the mass spectra 
of organic compounds of lover volatility which were 
stable to higher temperaturesprovided *11 metal 
parts vvê e excluded from the sample inlet system.
The compound to be examined is volatilized and 
expanded into a heated Peservo’lr which admits the 
sample into the ionization chamber through'£ leak.

The mass spectra of involetile solid samples 
and thermally instable comotunds still posed a seriousT

problem ^nd, in order t# obviate this difficulty, the 
direct introduction of sample vapours by sublimation 
from a probe was developed (23). L^ter versions #f 
this system, employing a vacuum lcck, have, the
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advantage that ohe mess spectrum c-f practically every 
kind of organic compound can be determined repidly 
with as little as 1 p g;, and ere now standard attach
ments to most comiaerciel instruments.

More recently the technique of coupling 
mess spectrometers with gas-liquid chrometographic 
separation (24) has allowed the separation and 
identification of many component mixtures. The 
pressure difficulties encountered in earlier attempts 
due to the large concentreticns of carrier gas have 
now been largely eliminated by the development of 
‘'molecule separators" by Ryhage (25) and Bieri°nr

/s more and more data was collected on the 
so-called mass spectral cracking patterns of molecules, 
it became obvious that a basic theory of ion 
decomposition was necessary. Two diverse approaches 
to the subject were made. The mathematical approach 
of the quasi-equilibrium theory (27) rests on some 
basic assumptions regarding the ionization of 
molecules by electron bombardment, in the case .where
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the interatomic distance is the seme f«r the 
molecular ion end the neutral molecule then the 
appearance potential will be the same as the ionization 
potential, i.e. this is a. vertical Franck-Condan 
transition. In the polyatomic icn, however, it is 
assumed that any excess energy imparted to the 
molecule has sufficient time to be distributed as 
vibrational energy over the whole molecule, but that 
if many vibrational modes are excited or a few are 
excited to high quantum numbers dissociation can accur 
in those bonds with high vibrational quanta. This 
dissociation process is considered as a series of 
competing, consecutive, unimolecular reactions which 
can be calculated by an appropriate form of the absolute 
rate theory.

Before the actual theory can be applied to 
specific cases, complete information on all the 
decomposition processes from the parent ion together 
with experimental measurement of the activation energies 
and energy transfer functions of these processes must be 
known. Using certain refinements, such as in the case 
of Morrison's measurements (28) of the second derivative 
of the total ionizstion as a function of electron energy,
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information c*=n be gleaned regarding the distribution of 
energy transferred by electron impact. A precise 
estimate of these energy distribution functions nv=>rks a 
m^jo^ step in providing one 0f the critical pieces of 
information ’’dnu i^ed for the totalcaiculaticn of the mpss 
spectra.

In conclusion, it may be said that the theory 
postulates a certain form for rate equations, devises a 
certain reaction sequence, inserts values of p°^ameters 
like the activation energy, frequency factors etc., and 
finally, using the proper energy distribution function,, 
enables the calculation of the mass spectrum of a 
molecule. In spite of the difficulties involved, such 
calculations h^ve been made for small molecules, which 
agree reasonably well with the experimental values. The 
problems encountered, hovever, in application to larger 
molecules have precluded calculations in the bulk of 
organic compounds. Critical assessments of the future of 
the theory have been made (29, 30).

The other main approach relies on the 
consideration of the ionized molecule in the same light as 
organic solution chemistry, i.e. in terms of concepts
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such as ^esorrnce; incuctive effects; stabilities .f 
carbonium, oxonium ions, transition stateo, etc. 
UcLafferty has postulated that the factors which 
determine the formation of abundant ians in mass spectra 
are the relative stabilities of:T

(i) the ion and neutral fragment.
(ii) the bonds of the decomposing ion.
(iii) the possibility of fragmentation through 

a cyclic transition st^te (31). The same
author ĥ -s also Demonstrated mass spectral features 
related to kno m  ''solution effects*', in the quantitative 
relationship of ion abun ances >f substituted b.snz^yl 
compounds to the HShimett ''sigma" constants cf these 
substituents (o^). Successful application (33) of this 
relationship has been made in the estimation of competing 
processes in retro-biels Alder dissociations of organic 
ions in the mass spectrometer. Arguing almost entirely 
from thermochemical data# Macoll (34) has also equated 
the behaviour-of carbonium ions in solution and in the 
mass speotrometer. Such evidence lends more weight to 
the theory that mass spectral reactions pb^allel those ^f 
solution chemistry.

The theory, however, requires that the charge
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be localized at favoured positions in the molecule, 
normally on hetero-atoms or other functional groups, by 
removal of an electron from a non-bondea lone Bair, 
ivieasurement of the ionization ootentials of ketones (35) 
oarallel fairly ^ell the estimated energy *if the non
bonded nairs on oxygen, and must lend some weight to the 
idea. However, aeficiences in the localized charge 
concent have been oointed rut (36) and have limited its 
acceot^nce by many workers.

Biemann '(37), using a ohysical-organic anoroach 
without the localized charge theory, has given a set of 
empirical rules, which attempt to summarize known 
fragmentation processes.

One of the schools which h«s made extensive 
use of the localized charge concent, or rather its 
development in the redical-ion concept (38), is that of 
bjerassi ana his associates (39). As an aid t® the 
unaerstanaing of mass soectrometry orocesses, the same 
group has, by the use of compounds suitably labelled 
with heavy isotooes, elucidated the mechanisms #f many 
hydrogen reer»r»angements which are ®ften observed in the 
mass snectra of organic molecules* In more recent work (40)
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they have triea to demonstrate the specificity or non
specific ity of hydrogen migration in even and odd 
electron systeals, and although claiming success in the 
majority of cases, have encountered some exceptions to 
their theories.

Utilizing the same kind of approach 
LicLaff irty (41) has discussed a generalized mechanism 
for mess spectral reactions, in .vhich the positive 
charge and unpaired electron of an odd election ion 
can be positioned at different sites in the ion, each 
exerting a separate influence on the course of 
fragmentation of the ion.

Uithin the field of mass spectrometry in its 
application to organometallic compounds, very little 
research *vas done before 1964. Investigations had been 
mcae on the alkyls of mercury pnd lead (42); the metal 
carbonyls of iron and nickel (43) and some organic 
substituted iron carbonyls (44); and several papers, 
had been published (^5) on the mass srectr^ 
tnetellocene compounds. The major difficulty in dealing 
afith organometallic compounds is their thermal instability 
on glass and metal surfaces, this being especially true of
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the metal carbonyl complexes and it was not until the 
aavent of the direct insertion probe that the utility 
of m*ss spectrometry in this field ^as realised. Since 
1964, the literature has steadily increased tc include 
TI- bonaed organouietallics such as metallocenes and 
metal cyclopentadienyls (46); organometallic carbonyls 
ana nitrosyls (47); binuclear metal complexes (48); 
pthalocyanins and metal chelates (49).

Shannon (50) has postulated theories of ion
*decomposition based on the premise th^t the oxidatien 

state of the metal atom should direct the fragment?ti#n 
and,in later papers (48a) (49b), he has attempted to 
shov* th^t the even or odd electron nature of the 
molecular and fragment i#ns is inter-related with the 
oxidation state of the metal atom and the nature of the 
fragment lost.

Probably the most stimulating idea to the 
progress of mass spectrometry in its modern form was the 
realization by Beynon (51) that differences in the nuclear 
packing fractions of the elements (52) made it possible to 
distinguish ions of the same nominal mass but differing
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chemical constitution, and if instruments of high 
enough resolving noiar could be built then the 
necessary separation in mass could be achieved. The 
development of this idea not only meant that the 
molecular formulae of compounds could be determined, 
but also gooa evidence for their structure could be 
obtained by accurate mass measurement of their fragment 
ions.

The methods of precise'mass measurement 
depend on the geometry of the mass spectrometer.  ̂In 
instruments of idattauch-Herz^g geometry the high 
resolution spectra of the sample and of a calibration 
compound, normally a perfluorineted hydrocarbon, are 
recorded simultaneously on a photographic plate. 
Distances between the lines corresponding to ions of 
unknown constitution and those of the calibration 
compound can then be related to differences in mass. 
This technique has been extended toy Bifem^nn ('52) to the 
automatic determination of the mess of all the ions in 
the spectrum and, using a suitably programmed computer, 
•’element maps'’ have been prepared in vhich the 
ppp-stitutlon of the lone are arranged in increasing
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order of their elements. More recently this technique 
has been speeded up (53) at the actual ion comparison 
stage and complete date processing for element map 
preparation can be achieved in twelve minutes.

In instruments of Nier-Johnson geometry, mass 
measurement is effected by the ’’peak-matching'' technique 
(54). The time taken to make measurements on a complete 
spectrum by this method is exceptionally time consuming 
and in normal conditions only specific ’'key” irns in 
the spectrum are-determined* A system suitable for use 
in mass spectrometers of this design, which allews the 
complete spectrum of sample and calibration compound to 
be recorded in ten seconds at a resolution of ten thousand, 
has been described (55). In this system the spectra is 
recorded on magnetic tape in digital farmland the time 
interval between the ions is related to the m*ss 
difference of the ions.

The obvious development from this ability tf, 
deal with mass spectra in an automated fashion has been 
its application to automatic structure analysis. This 
hes been applied .*ith considerable success to the 
determination of the amino acid sequence %f peptides
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(56, 57), where the preferred fission of CO-NH ^nd CO-R 
bonds leaas to a very large number of combinations of the 
amino acid units, ana also where there are the minimum 
number of rearrangement ions. The computer aided 
correlation of metast^bles in high resolution mass 
snectrometry (58) has also made a great contribution to 
these analyses.

The grect disadvantage, however, in the 
application of automatic digital methods to structural 
analyses lies in alkyl and ohenyl migrations of ions which 
have been discovered recently (59) and their prediction for 
other structural tyres. ^s a step tjwarfts this solution 
Biemann (60) has adopted the idea of" ,fiorf tybes'' for 
structural analysis of totally unknown compounds.

Obviously there is still room for a gre^t deal 
of research into the reasons for electron impact 
dissociation befere all the available infjrmation can be 
co-ordinated ^nd maximum use made of f*st, reliable data 
processing facilities.



1.

2.

3.
4.
5.

6.

7.
8. 
9.

10. 

11. 
12. 

13.

- 17 -
CHAPTER 1 
REFERENCES

J.J. Thomson, ''Rays of Positive Electricity end 
their epplicetion to chemical analyses''. Longmans, 
Green <& Co. , Ltd. , London, 1913.
P. 7. /ston, Phil. Mag., 1919, 38, 709;

■'ivl̂ss Spectrr, and Isotopes”, Arnold, 
London, 194/3.

/.J. Demrste10, phys. Rev. , 1918, 11, 316.
R.F.K. Herzog, Z. Physik, 1934, 89, 786.
J. Metteach and R.F. K. Herzog, Z. Physik, 1934,
89, 786.
E.G. Johnson and A.O. Nier, Phys. Rev., 1953,
91, 10.
/.0. Nier, Rev. Sci. Instr. , 1947, 18, 398.
/.0. Nier, ibid., 1940, 11, 212.
(a) p.p. Lossing and I. Tanaka, J. Chera. Phys., 

1956, 25*' 1031.
(b) H. Harzeler, m.G. Inghram, and J.D. Morrison, ibid., 1958, 28, 76.
M.G. Inghram and R. Gomer, Z. Naturf., 1955,
10a, 863.
H.D. Beckey in -'/.avences in Mass Spectrometry”,
Vol II, o. 1, Pergamon Press, Oxford, 1965.
H.L. Beckey in ''Mass Spectrometry”, R.I. Reed, ed. , 
p. 9o, /endemic Press, London, 1965.
(a) P.N. Hodgson, M. Desjardins, and 7.L. Baun,

J. Phys. Chem., 1963, 67, 1250.
(b) J.H. Beynon in '’Mess Spectrometry", R.I, Reed, 

ed. , p. 359, /icademic press, London, 1965.



14.
15o

16.

17.

18.

19.

20, 
21.

22.

23.

- 18 -
W.H. Bennett, J. .̂nnl. Phys. , 1950, 21, 143.
(a) L.G. Smith, Rev. Sci. Instr., 1951, 22, 115. 
fb) L.G. Smith and C.C. Lamm, ibid., 1956,
V 27, 638.
J./. Hinnle, H. Sommer and H./ . Themes, Phys. Rev. , 
1949, 76, 1877; ibid, 1950, 78, 332; ibid., 1951, 
82, 697.
7/. Tretner, Z. .Anged, Phys. , 1959, 11, 395; 

ibid., 1962, 14, 23.
(a) '/. Paul *>nd H. Steinwedel, Z. Naturf, 1953,

8a, 448.
(\s\ -j paul and H. Raether, Z. Phys. , 1955, 
v } l40, 262.
(a) /.E. Cameron and D.P. Eggers, Rev. Sci. Instr., 

1948, 19, 605.
(b) W.C. Witey and H.M. McLaren, ibid., 1955,

2o, 1150.

(a) H. Hoover and H . W a s h b u r n ,  /mer. Inst. Min. 
Met. Eng. 1940, Technical Publications No. 1205.

(b) H. Hoover and H.W. Washburn, Calif. Oil. World, ̂ 1941, 34, 21.
(a) H.h Washburn, H.P. Wiley, S.M. Rock and

G.E. Ber»~y, Ind. Eng. , Chem. . ^nalyt.'1945, 17, 74.
(b) / . K. B^e.ver and V.H. Lib'eler, J. Res. Nat.

Bur. Stand., 1945, 35, 125.
M.J. O ’Neal and T.P. Wier, Analyt. Chem., 1951.
23, 850.
(a) R.I. Reed, J. Chepi. Soc. 1958, 3432.
(b) J.H. Beynon, R.4. Saunders and A. E. Williams, 

A~Dt)l. Snectrosccpy, 1963, 17, 63.



- 19 -

M.  (a) R. S. Gohlke, ^nelyt. Chem. 1959, 31, 535;
1962, 34, 1332.

(b) L. Flenneberg, Z. ^nal. Chom. 1961, 183, 12.
(c) L.P. Linaeman and T.L. ^nnis, /nalyt. Chem.

1960, 32, 1742.
25. R. Ryhage, ibid., 1964, 36, 759.
26. J.T. Watson and K. Biemann ibid. , 1964, 36, 1135.
27. H.id. Rosenstock, M.B. Wallenstein, 4. L. 7ehrhaftig

and H. Eyring,
Proc. Nat. ^ced. 3ci. Wash., 1952, 38, 667.

28. J.L. Morrison,J. Appl. Phys. 1957, 28, 1409.
29. H.ivi. Rosenstock and M. Krauss in ’'Mass Soectrometry

or Organic Ions1', P.7. McLefferty, ed. , p. 2, 
Academic Press, New York, 1963#

30. R.M. Sathe in ’’Mass Spectrometry", R.I. Reed, ed. ,
p. 129, .Academic Press, London, 1965.

31. F.W. McLefferty in ref. 29, p. 309.
32. (e) P.7. McLefferty, ^nelyt. Chem. 1959, 31, 477.

(b) M.M. Bursey end P.7. McLefferty, J. Amer. Chem.
Soc. , 1966, 88, 529.

33. A. McCormick, Ph. L. Thesis (Glasgow) 1966.
34. /*• Mecoll in "Mass Spectrometry", ed. R.I. Reed,

Academic Press, London, 1965 and references cited 
therein.

35. I. Kenomata, Bull. Chem. Soc., Japan. 1961, 34, 1864.
36. G. Soiteller end M. Soiteller^Friedmann, Monetsch. *

1964, 95, 275.
37. K. Biemenn, "Mess Spectrometry", McGraw-Hill,

New York, 1962.



- 20 -

38.

39.

40.
41.
42.

43.

44.

45.

46.

Originally used by R.M. Silverctein end G. C. Bassler. 
J. V/iley end Sons, Inc. , New York, 1963.
See for example (a) H. Budzikiewicz, C. Bjeressi 
end B.H. Williams, ’'Interpretation of the Mess 
Spectre of Oogenic Compounds”, end (b) ’'Structure 
Elucidation of Netural Products by Mass 
Spectrometry, Yols. I and II,” Hclden Day, San 
Francisco, 1964.
See refs. 48 - 59 in Chapter 2,
F.W. McLefferty, Chem. Comm., 1966, 78.
(a) V.H. Libeler end F.L. Mohler, J. Res. Nat.

Bur. Stend. 1951, 47, 337.
(b) E.I. Quinn, V.H. Dibeler and F.L. Mahler, 

ibid., 1956, 57, 41.
(a) R. Beldock and J.R. Sites, Phys. Rev. 1951,

83, 498.
(b) R. Baldock and J.R, Sites, U.S. atomic 

Energy Commission., Techs.
Inform. Service, Oak Ridge, *761, 1952.

(c) J.R. Sites and R. Beldock, Phys. Rev., 1952,
83, 488.

H.H. Hoehn, L. Pratt. 3 y py-jcan. iqai
K.F. Wetterson and G. Wilkinsen)^3§. * * ’
(a) L. Friedman, />.P. Isre and G. Wilkinson,
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CHAPTER 2

The Structural Elucidation of Iron 
Carbonyl Complexes of Organic _ 
Nitrogen Compounds.
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THE STRUCT lift/L ELUCIli/TION OF IRON C/RBONYL COMPLEXES OF 
ORG/NIC NITROGEN COMPOUNDS.

INTRODUCTION
The reaction of iron carbonyls with nitrogen 

containing compounds has been the subject of several 
investigations^(1-6). For example (4), it has been 
demonstrated that the treatment of iron pentacarbonyl 
with pyrrolidine at low temperatures gives Fe(C0)3 
(pyrrolidine)^. These are primarily substitution 
reactions and the pert played by mass spectrometry in 
the structural elucidation of comnounds formed by 
substitution and/or rearrangement reactions will be 
discussed. As many of these compounds were formed by 
photochemical reaction, a brief synopsis will be given 
of the photochemical reactions of metal carbonyls.

The reaction of a metal carbonyl M(CO)x or 
its derivative RM(CO)x (M = metal, R = ligand) with an 
electron donor D can lead either tj the substitution of 
a carbonyl group by the donor D, or the metal carbonyl 
can undergo aisproportionation to form metal c^rbonylates, 
(7-J).
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i.e. RM(CO;x p=± RM(CO)x_-l + C0
RJvi( CO ) * _ ; ] _  +  L  - - - - »  R i v l ( CO ) x-1 L >

or e.g. 3Mn)C>(CO)10 + 12D * 2 ^MnDgJ £ Mn(C0)5| g + 10C0

In a photochemical reaction, the unstable 
intermediate acceptor RM(CO)x-l is produced at or 
below room temperature on account of the high energy- 
supplied by irradiation. This enables the isolation of 
products which are thermodynamically unstable with respect 
to further thermally induced transformation. Thus 
cyclopentadienyl manganese tricarbonyl does not react 
with triphenyl phosphine even at 200°C, but gives both 
mono and disubstituted products photolytically (10-11). 
Normally photochemical substitution occurs by an S^l 
mechanism. The process can be visualised as follows:- 
RM(CO) |Rk(C0)xJ*   RM(C0)x-l + CO

The existence of the electron acceptor as an 
unstable intermediate with a half-life of a few minutes 
has been demonstrated spectroscopically (12-15). For 
instance photolysis of M(C0)6 compounds (M = Cr, ?!o, W) 
at low temperatures and examination of the product by infra
red spectroscopy in the carbonyl region has demonstrated
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the existence of M(C0)5. It has also been argued, on 
this evidence, that Mo(C0)5 undergoes transition from 
square pyramidal symmetry to that of a trigonal 
bipyramid at -155°C. The substitution -product is then 
formed by the addition of ad- or TT-electron donor into 
the vacant orbital of the acceptor.

With this information in mind and the knowledge 
that organic compounds themselves could undergo some 
surprising rearrangements upon photolysis, an 
investigation into the possibilities of mass spectrometry 
as a structural tool in this field was undertaken.
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(a) THE RE/CTIONS OF AZOBENZENE AND SUBSTITUTED 
AZOBENZENES WITH IRON CARBONYLS

When this work was hegun no transition metal 
carbonyl Comdexes containing azobenzene or substituted 
azobenzenes had been reported, although it has since 
been shovvn ohat the related diazocomdexes (i) are 
formed from diazonium tetrafluoro-borates «nd 
cyclopentadienyl molybdenum sodium (16).

There existed e wide range of compounds of 
many of the transition metals having ligands attached 
through C = C ,  C = C ,  0 = 0 ,  and C = N groups, but no 
renort had been made on the influence of metal carbonyls 
on ezo- and diazo- compounds. As the first of 8 series 
of experiments, azobenzene and iron pentacarbonyl were 
irradiated in benzene. A red-brown nitrogen containing 
metal carbonyl complex was isolated, analysing for 
(azobenzene) Fe^(C0)6» which, however, was discordant 
with the evidence of both the infra-red and mass spectra 
Absorption in the infra-red at 3362 cm”1 indicated an 
N - H stretching and although-' the mass spectrum showed 
the molecular weight to be 462 containing two irons
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(isotope ebundenoe pattern) end six cerbonyls which .. 
we^e lost consecutively from the parent ion further 
fragmentation showed loss of one iron atom followed by 
either ammonia (to give m/e 221) or hydrogen cyanide 
(to give m/e -dll).

These two fragmentation steps at least were 
enough to question an azobenzene structure as anart 
from the difficulty of finding suitable bonding arrange
ments mass spectral .fragmentation of ions containing 
two phenyl rings linked by one or two atoms show 
elimination of the central atom or atoms together with 
two hydrogens (17), thus forming the very stable ion 
m/e 152 (H).

Chemical degradation of the complex with 
lithium aluminium hydride gave a met^l-f^ee compound 
containing nitrogen ( i. r. N - H)with a molecular ion at 
m/e 184, and which precise mass measurement showed to 
k0 /additionally, fragment ions corresponding
to the elimination of H, 2H, 3H, NH, NH + H, NH + 2H, and 
hydrogen cyanide from the parent ion were observed. 
Biohenylamine (17) is known to produce rearrangement ions 
with loss of 15, 16 and 17 mass units from the parent ion,
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end it has also long been known that primary aromatic 
amines (18) eliminate hydrogen cyanide from the narent 
ion. This led us to believe that the degradation product 
was an eminodrphenylemine and indeed comparison with an 
authentic samde of o-aminodiphenylamine showed identical 
melting point, infra-red and mass spectra.

/s it had been reported (19) that azobenzene 
could be isolated by lithium aluminium hydride reduction 
of the conrolex (ITT), and that no rearrangement was known 
involving azobenzene and lithium aluminium hydride, it 
was concluded that the skeleton of o-aminodiphenylamine 
was present in the complex.

Re-examination of the mass snectrum, together 
with consideration of possible l&onding arrangements 
produced a structure (IV) which seemed to satisfy all 
the necessary information available.

Very strong chemical support was gained for 
this structure when it was shown (20) that o- 
eminodiphenylamine and di-iron enneacarbonyl react at 
room temperature in benzene yielding the same complex. 
Recently X-ray crystallographic studies have been made 
on this Comdex (21) which have confirmed the earlier 
structure.



\^ F e (C O )3 • ^ C 0 . -
/T  \  stepwise

N H \ \

^ F e
(C0)3

462

OpO

Nr y?
NH \\

‘Fe

m/e j?77

m/e 221 <

nye 294

*
-Fe

TY 1

NslH

m/e 147 
PhNFe*

nye 238

m/e 181

rn/e 211

Fe



~ 30 ~

Both nitrogen atoms bridge the two Fe(C0)g
grouos which ?re themselves arranged in ?n eclipsed
configuration. The complete bridging group N-C0H4-N lies

opernendicular to the Fe-Fe vector (2.37y\)the shortest yet 
reported). The central group of six atoms CgNgjFeg forms 
a bicyclo (2, 1, 1) system and a 36 electron structure 
can be rationalized on the supposition that each nitrogen 
acts as a 3 electron donor.

/i more detailed account of the mass spectral 
fragmentation can now be given (Fig. 3). It has already 
been stated that all six carbonyl groups are lost 
consecutively from the parent ion, the base peak rf the 
spectrum being the (P-6C0)+ ion. Further fragmentation 
occurs by either of two possible routes as shown. Loss 
of hydrogen cyanide from the(P-6G0-F&)4' ioncan be rationalized 
on the model of aniline (18) with consequent five membered 
ring formation and TT bonding to iron* Whereas the 
elinination of ammonia poses some little difficulty, 
it can, however, be visualized to occur in a similar 
manner to the elimination of ammonia from the parent ion of 
diphenylemine (17), except that in this case it is 
probable that the other nitrogen atom is involved and
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that the carbrzola type ligand is doubly bonded to iron 
as in A.

m/e 221 (A) can be formed by either of the two 
decomposition processes shown; that via m/e 238 being 
the main pathway as borne out by the abundances of 
metastable ions for these transitions. Additional 
evidence for o-Tf type ions like m/e 211 and the 
formation of a cyclopantadienyl ring is to be found at 
m/e 121 which is attributed to the cyclopentedienyl 
iron ion. Support for the decompositions shown was gained 
from use of metastable ions and by precise mass measure
ment wherever necessary. Details of these measurements 
ere given in Table 1.

Table 1

m/e Observed Mass Formulation Theoretical
Value Error

294 293.93643 C12H10N2Pe2 293.93678 -0.0003
238 238.01932 G12H10N2Pe2 238.01852 +0.0008
221 220.99277 C12H7NPe 220.99192 +0.00085
211 211.00842 C^HgNFe 211.00743 +0.0010
147 1^6.976960 C6H5NFe 146.97712 -0.0008
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tThis study w?s next extended to include 4, 4 - 
disubstituted azoben7.enes. 4, 4' - Limethoxy azobenzene
furnished two metal carbonyl compounds. One complex was 
analogous to that obtained from azobenzene as it followed 
the same characteristic fragmentation pattern; the other 
complex did not show any NH absorption in the infra-red 
and showed only two fundamental absorption bonds in the 
metal carbonyl stretching region.

Mass spectrometry (Fig. 4) gave a molecular ion 
at m/e 594, and from the isotope abundance pattern of the 
parent ions, it was deduced th*t only one iron atom was 
present. Mess measurements proved the ions m/e 566 and 
538 to be formed by losses of carbonyl groups from the 
molecular ion, and that the molecular formula was in fact 

6N406*’e.
The ion m/e 538 (determined as C28H26FeN404) 

decomposed by two routes; one by elimination of an iron 
atom to give m/s 48<3 (determined as C28H26N4°4) ?n(* 
supported by a metastable ion at m/e 413.8, the other by 
elimination of a nitrogen molecule to produce the ion 
m/e 510 (determined as CagHggFeN^O^. The latter process 
was remarkably like the fragmentation processes of
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substituted azobenzenes themselves and suggested that a 
dimethoxyazobenzene residue or residues might be oresent 
in the complex. It was further argued that the step 
involving elimination of iron to give m/e 482 could be 
the removal of an iron atom from two dimethoxyazobenzene 
skeletons, which were attached to it by 6  bonds, together 
with consecutive condensation between the dimethoxyazobenzene 
radicals fonned. This was thought more likely than the 
existence of a dimerised dimethoxyazobenzene form within 
the complex, as m/e 482 represented a very small ion in 
the spectrum compared with m/e 240 and 241.

From a consideration of these and other ions in
the mass spectrum, it was concluded that the complex might 
have one of the two structures. V or VI (R = OMe )•

The ultraviolet spectra of 4, dimethoxyazobenzene
and the complex are so similar as to suggest that Vl(r) is the
more probable, since participation of the -ff electrons of 
the ezo groups in delocalized bonding with the iron would 
tend to change the absorption frequencies of the system, 
more than would the participation of the lone pair of 
electrons on nitrogen.

The flow sheet opposite (Fig. 6) shows the 
major route of the mess spectral fragmentation of the
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complex. It is worthwhile noting here that unlike the
corresponding non-metallic ions, elimination of a
nitrogen molecule from m/e 538 is not followed by loss
of two hydrogens (17) to form a completely cyclic system.
This can be interpreted as the formation either of a bond
between the two rings on either side of the eliminated
nitrogens, or of the two radical centres formed in the
elimination forming bonds to iron as in m/e 510. Further,
elimination firstly of C6H40Me, Fe, and then again
CcH 1OMe seems to support the latter idea, the diradical o
m/e 240 cyclising to form a completely stable aromatic 
ion. A table of mass measurements made to determine the 
constitution of ions in the spectrum is shown below.

TVBLE 2

m/e
Observed

Mass Formulation
Theoretical

Value Error
566 566.12584 C;29H26FeN4C6 566.125237 +0.00061
538 538.13053 c28H26FeN4°4 538.130327 4-0.0002
510 510.12420 C28H26FeN2°4 510.12418 -

482 482.19542 C28H26N4°4 482.19539 -
467 467.1021 C26H23FeN2°3 467.1028 -0.0007
403 403.0749 C21H19N2°3Fe 403.0745 4-0.0004
347 347.13956 °21H19N2°3 347.13956 -

240 240.0909 Cl4H12%°2 240.08987 4-0.0011
197 197.07117 C12H9 ^ 0 197.0714 4-0.0003
169 169.0653 C12H9° 169.0653 -
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4, 4* IdmethylezoLenzene and iron oentacarbonyl 
on irradiation gave two complexes both analogous to those 
obtained from 4 , 4/ dimethoxyazobenzene and structures v 
and VI (R = Me) are proposed.

It is worthwhile noting here that the re
arrangement of azobenzene to o— semidene does not 
necessarily take place specifically under irradiation 
conditions, but rather it is considered that the presence 
of iron carbonyls is necessary to act as a reducing agent, 
the *ctual '’semidene'1 rearrangement being accelerated by 
the ultra violet radiation. It has in fact been shown 
(22) that nitrosobenzene and azobenzene both react with 
di-iron enneacarbonyl under thermal conditions to give 
the complex IV in extremely low yield.

As is confirmed by the X-ray structure 
determination (21) no bonding occurs between the phenyl 
ring and iron, all bonding being considered to take pl^ce 
through three electron donation from the nitrogens. It 
was, therefore, not surprising that the reaction of iron 
pentacarbonyl with c-phenylene diamine (20) produced a 
complex which we considered to be *f the same basic
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structure ps IV with. R = H.
The mass spectrum of this complex follows the 

seme fragmentation pattern as that observed for the 
othe^ dinhanylamine complexes, the main features of 
which can be seen in Pig. 7. However, further 
fragmentation obviously depends on the nature of 
substitution on .

Vs yet, no certain mechanism is known whereby 
the azobenzene nucleus is first of all reduced then re
arranged to its final form. Reactions are knovm where 
certain cyclic hydrocarbons (23) are rearranged to 
bicyclic systems,e.gcyelohexaf.}.,4 diene rearranges on the 
surface of iron carbonyl to give cyclohexa - 1, 3 - diene. 
These reactions seem to parallel certain features of acid 
catalysed rearrangement, and in this sense the re
arrangement of azobenzene to o- semidene on the surface of 
iron carbonyls is similar to the acid catalysed re
arrangement. The usual course of this reaction, the 
transformation of hydrazobenzenes to derivatives of 4 ,
- dieminobiphenyl, tends to predominate with ortho - »nd 
meta - substituted hydrazobenzenes and may also occur with 
certain para-substituted hydrazobenzenes if the para
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substituent is readily subject to electrophilic 
displacement. More generally, however, para substituents 
divert the rearrangement into one or more alternate 
courses. Hydrazobenzenes having para substituents on 
both rings are commonly transformed to derivatives of 2 
aminodiphenylamine (ortho-semidenes); whereas hydrazobenzenes 
with single para substituents nr=y be converted to derivatives 
of 2, 4' di*=minobiphenyl (diphenylenes) , to para semidenes, 
or to mixtures of these products. Obviously any mechanism 
proposed for the ben^idene rearrangements must account for 
formation of each of these products.

The rearrangements of hydrazobenzenes to benzidines 
(24, 25, 26) to diphenylenes (27) and to c-semidenes (28) »re 
third-order reactions; first order in substrate and second 
order in hydrogen ion. The rearrangements are subject to 
specific hydronium ion, rather than general acid catalysis 
and proceed more rapidly in B20 than in H20, (28). It, 
therefore, appears likely that the rate-determining step 
involves only the ''double Conjugate acid" of the substrate - 
that is the cation (vr - NHg - NHg - Vr)2+. It has also 
been found that para - devi'te^ted hydrozolrenzene undergoes
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the henzidene rearrangement at very nearly the same rate 
as does non-deuter^ted hydrazobenzene (29) suggesting that 
the n^ra-hydrogens become detached from the ring after, 
rather th^n during, the rate determing step. The 
available data on the benzidene and o-semidene re
arrangements then points to the cyclic mechanism shown 
opposite,Fig. 8. Here it may be assumed that the easy 
cleavage of the n-N bond is largely due to the electro
static repulsion between the two positively charged 
nitrogen atoms.

It is not suggested that the iron carbonyl 
catalysed reaction necessarily follows that of acid 
catalysis: nevertheless it m^y be possible that
hydrogenation and protonolysis of azobenzene may take 
place on the surface of the metal carbonyl to form 
o-semidene via VIII — * X. o-Semidene will then repct 
with iron enneacarbonyl in solution to give the complex 
IV. It may well be that protonolysis is not necessary 
and that the rearrangement to o-semidene occurs by the 
formation of a transition state involving a metal-arene 
tt- complex.
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It is relevant here to note that the reaction 
of nitrometh^ne -with di-iron enneacarbonyl yields two 
products XI and XII (Fig. 9), and it is thought that 
the reaction may proceed via azomethane and hyar^zometh^ne 
by a mechanism similrr to that of azobenzene without 
the possibility of nitrogen to carbon migration.
Structures vere proposed on the basis of the mass spectral 
evidence, the m°in features of which are shown in Figures 
10 and 11. Compound XII is analogous to the conroound 
S^Fe^(CO).^ (30), formed in the reaction between 2- 
meacaptobenzo-thiazole and tri-iron duodecacarbonyl, the 
sulphur positions being replaced by NMe groups. It would 
then be expected that the related di-iron complex would 
exist as XIII having analogies with both SgFe2(C0)g ?nd 
(N^H^)Fe^(C0)6 (31, 32). The molecular weight of 340, 
however, requires an additional two hydrogens, one on each 
nitrogen, and hence the structure XI is proposed for this 
compound, />s the mass spectra are quite straightforwa^d* 
discussion will be limited to the visual representation of 
the cracking patterns in figures 10 and 11. The important 
reduction to be made from this observation is the ability 
of metal carbonyl surfaces to reduce and cleave nitrogen-
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nitrogen bonds to form one or several products with which 
they themselves react yielding stable products.

A later discussion on the formation of 
complexes involving the cleavage of nitrogen - nitrogen 
bonas in ezines end phenyl hydrazones, will show the 
generality of a reaction the mechanism of which is yet 
unknown and which noses a problem of considerable 
chemical interest.
(b) Reaction of with Iron Carbonyls

In the course of a related investigation it 
was found that benzophenone azine had been formed during 
the irrauiation of diphenyl diazomethane and iron 
psntecarbonyl, and investigations were carried out on 
the reactivity of this azine with iron carbonyls. No 
complex, however, was formed by irradiation of 
benzoohenoneazine in the presence of iron nentacarbonyl, 
whereas the reaction carried out with di-iron 
enneacarbonyl in benzene under reflux yielded a stable 
orange complex which analysed as (benzophenoneazine) 
Pe2(C0)6.

The mass spectrum showed s parent molecular ion 
at m/e 640 ( Fe) and a precise mass measurement of the
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(P-6 C0)+ ion gave the formula as which
was consistent with the chemical analysis. Mass 
measurement of the two most abundant ions m/e 266 and 
m/e 163 yielded the formulae (CgHg^Feg and CgHgFe 
respectively. The former ion was formed by two 
successive eliminations of benzonitrile from the 
(P-6C0)+ ion, m/e 472, end supported by metastable

* 4ctransitions at m/e 288.4 and 191.7 . In addition the 
ion m/e 210, which corresponded to (CgH^JgFe, had two 
modes of formation, one by elimination of benzonitrile 
followed by an iron atom from m/e 369, the other showed 
elimination of iron followed by benzonitrile. One further 
fragment?tion nrocess occurred from m/e 266, accounting 
for the formation of m/e 188 by loss of benzene and m/e 132 
by a further loss of iron.

It had been noticed in the spectrum of benzophenone- 
ezine itself, that an ion of low abundance occurred at 
m/e 257, formed by elimination of benzonitrile from the 
parent ion and accompanied by a phenyl migration. Studies 
of the mass spectra of certain alkyl and aryl sulphonyl 
hydrazones (33) have also amply demonstrated this same 
phenyl migration and elimination of a RCN unit. Therefore
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on the basis of this information two structures were 
proposed XIV (a) and (b) (Fig. 12) which seemed to 
satisfy most of the evidence available; the proposed 
fragmentation pattern is shown in Fig. 13.

Further X-ray cryst^llographic work on this 
comnound (34), has very recently shown th*t this 
original structure contained one fundamental error:- 
that of a nitrogen - nitrogen bond. The structure is in 
fact as shown in Fig. 12 (XIV (c)), containing two 
benzophenonitninfrto groups bridging two Fe(CO)3 units. 
These ligands bridge through the nitrogen *toms and the 
reaction product is thus di-yu -(benzophenoniminato) bis 
(tricarbonyl iron). Hence it is clear that rupture of 
the nitrogen - nitrogen bond occurs in benzophenoneazine. 
Splitting of the N - N bond also occurs in the reaction 
of azobenzene with iron carbonyls, but whereas in the 
latter cace rearrangement occurs to form the o - 
semidene skeleton, here both moieties are bonded 
separately in the complex.

The molecule has idealised 2-fold symmetry.
The tricerbonyl groups are eclipsed and the nitrogen
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®nd iron atoms fo^m a tetrahedron. The central portion 
of the molecule is thus similar in shape to that of 
Co^CO)^. The Fe-Fe distance of 2.40/ is short when 
compared with carbon - bridged binuclear complexes and 
can be compared with the value 2.37/ found in the o - 
semiaene complex. The average Fe - N distance is 1.94/, 
which is shorter than those reported in previous structures 
(21), allowing the nitrogen atoms to be considered as 
being in the sp^ hybridised state, whereas in the 
semidene and t benzaquiline structures with Fe - N 
distances of 1.97 - 2.00/ the hybridisation would be sp^.
In all c^ses the nitrogen pitoms can be regarded as three 
electron donors.

The mechanism of election impact induced 
dissociation of the complex must now be slightly modified 
to take account of structure. It is no longer necessary 
to consider the elimination of benzonitrile from m/e 472 
and 369 in the light of a phenyl migration to nitrogen as 
has already been postulated for the complex °nd which must 
operate in benzophenoneazine itself, but rather we can 
consider the phenyl ring migration as involvingtr- bonding

*4—' See complexes from Schiff's bases.
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to one iron atom pnd bonding to the other, es shown 
in Pig. 14.

The concept of metal atoms bonding by both ^  

end tT bonds seems to be fairly common in the spectra of 
binuclear metal complexes (see Chapter 3) and may reflect 
the stability of an ion of this type relative to the 
uncommon neutral species of the same type.

Table 3.
Precise mass measurements in the spectrum of the 
benzophenoneazine complex*

m/a
Observed

Mass Formulation
Theoretical

Value ■Error

47 2 472.03354 c26H30H2Pea 472.03354 -

369 368.99036 C19Hi5NPe2 368.99030 -
313 313.05557 CidH15NFe 313.05537 +0.0002
266 265.24830 Cli3H10Pek3 265.94810 +0.0002
210 210.01321 c12H10Pe 210.01317 -
188 187.90112 C6H4Pe2 187.90115 -
133 132.97412 C6H5pe 132.97405 -

(c) Reactions of Aromatic phenylhydrazones with iron
carbonyls

In view of the fact that nitrogen - nitrogen 
cleavage had been shown to occur in both azobenzene and 
*nd benzophenoneazine during their reaction with iron
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carbonyls, it was decided to determine whether or not 
such behaviour could arise in other systems under similar 
reaction conditions. For this purpose aromatic 
phenylhydrezones -vere chosen, as structurally they are 
intermediate between azobenzenes and benzophenoneazines.

Reaction of benzaldehyde phenylhydrazone with 
iron enneaca^bonyl produced an orange red conrolex which 
gave a molecular ion at m/e 476 (line diagram opposite). 
Mass measurement established its formula as c19H12N2°6Pe2 
and as it eliminated six carbonyl groups in consecutive 
decomposition to form m/e 308, the complex was judged 
to have the stoichiometry of (benzaldehyde phenylhydrazone) 
Fe^COjg. benzaldehyde phenylhydrazone ligand system, 
however, was thought unlikely after consideration of the 
decomposition processes of the (P-6CO) + ion. This 
particular ion showed fragmentation by three possible 
routes:

(a) Elimination of hydrogen cyanide to form 
m/e 281.

(b) Elimination of benzonitrile to form 
m/e 205.

(c) Elimination of FeH to form m/e 251.
Process (a) was followed by either loss of iron 

giving m/e 225 which in turn showed fragmentation by loss 
of C5H5NH to give m/e 133 (CgHgFe); or by elimination of
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CgHg to form m/e 203 (CgH^NFe^). ^11 formulations were 
confirmed by precise mass measurement. M/e 203 was formed 
in addition in process (b) by elimination of 2 hydrogens 
from m/e 205.

It will be recollected that the complex XIV (c) 
demonstrated either two consecutive losses of benzonitrile 
from the (P-6C0) + followed by elimination of iron; _or 
elimination in the order benzonitrile, iron, and 
benzonitrile to give the same fragment ion m/e 210 
^ 6 ^ 5 ^ ^ ov wbich a double (f - rT bonded system was 
proposed.

On this basis, therefore, it was difficult to 
rationalize the mass spectral cracking of the (P-6C0) + 
in the benzaldehyde phenyl hydrazine complex unless a 
related structure XV (a) was postulated in which the two 
moieties formed by dissociation of the nitrogen - nitrogen 
bond are bonded separately to the iron atoms.

Process (a) can then be visualised as forming 
a <5 - rf bonding system to iron, as in the fragment ion 
m/e 369 of XIV(c), followed by elimination of iron and 
the other ligand P'fcNH. Similarly process (b) forms a 
hydrogenbridge structure to iron followed by rearrangement 
and the elimination of two hydrogens to form m/e 203.
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The full cracking pattern for this complex 
on the basis of structure XV (a) is shown in Fig. 16.
In addition to the rearrangement processes ^lpeady 
discussed, several other interesting features of the 
moss spectrum are Worthwhile mentioning. The ion 
m/e 127 (Fe^NH), for example, is formed by a process 
supported by an appropriate metastable ion which involves 
elimination of (CgH5)^ from m/e 281. The reverse process 
i.e. formation of (CgHg)g + is common in aromatic 
systems like benzalaniline, azobenzene, etc. (17), 
but in m/e 127 the positive charge remains within the 
metal system.

In audition ra/e 281 demonstrates the elimination 
of CqHq to form m/e 203, which necessarily involves 
hydrogen transfer from the opposite ligand system. This 
is to be compared with the elimination of benzene from 
the (P-6C0)* and (P-6C0 - Fe)+ ions of the complex
from benzalaniline and iron enneacarbonyl discussed 
later in this chapter.

In a further study, acetophenone phenyl- 
hydrezone was reacted with iron enneacarbonyl and a 
complex of similar structure XV (b) was isolated. In 
general the same characteristic cracking pattern of
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XV (a) wrs observed except thrt process (b) w^s very 
minor in comparison to process (a). This is no doubt 
due to the low °bility of methyl groups to r,ct ns 
bridges in metal - metal systems. Hydrogen, however, is 
well known to bridge in electron deficient compounds 
such rs bor-nes, ^nd rlso in first row transition 
metnl systems (35), r-nd ^ddition^l evidence h^s been 
found for the existence of hydrogen bridges in the 
fragment ions of binucle^r met-^l complexes (see Chapter 3).

Th^t the structures proposed for complexes 
XV (p ) °nd XV (b) nre correct h^s been verified by X-r°y 
crystallography (36), and thus provides more evidence 
for the ability of iron c-r'jonyls to cleave nitrogen - 
nitrogen bonds. The mechanism of these reactions ^re not 
only of considerable academic interest, but it mny "be 
possible to use such organometallic complexes as 
intermediates in synthetic schemes. Tables of mnss 
mersurements performed on the complexes °re given in
xd h i  J' 4 •
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T/-BLE 4

Observed Theoretical
lvrss Formula V^lue

475•03926 C19H12N2°6Ps2 475.93938
307.96972 C13H12N2Pa2 307.96990
280.95890 C12HllNPa2 280.95890
251.02622 C13HllN2Fe 251.02714
225.02475 °12HllNPe 225.02407
204.92635 C6H7NFe2 204.92770
175.90112 C5H4Pe2 175.90115
146.97652 C6H5NFe 146.97712
132.97403 C6H5Fe 132.97405
126.88104 NHPeg 126.88075
120.97405 C5H5Fe 120.97405
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(d) Reactions of Schiff Brses with Iron Carbonyls.
In audition to investigations in di-nitrogen 

ligand systems it was decided to re^ct N-benzylidene 
aniline with di-iron enne^carbonyl in benzene to 
determine whether or not ony bonding could occur in mono 
nitrogen systems.

/» complex was indeed isolated which h°d no 
relationship whatsoever to the previous c^ses. The 
compound g^ve a molecular ion rt m/e 461 corresponding 
to a molecular formula of C^H-^Fe^NO^. Six successive 
stepwise losses of carbon monoxide supported by the 
roproori^te metrst°ble transitions established the 
complex rs of the type, (ligand) Fe (C0)g. The N.M.R., 
however, h^d ^lrer-dy suggested th°t there w^s ^n 
objection to n structure of the type (benz^l^niline) 
Fe^(C0)g ps there were only nine ^rom^tic protons 
(r * <3*45) end two methylene protons (df = 5.59).

Benz^lsniline itself shows e (P - HCN)+ ion in 
the m^ss spectrum (IT), ^s did the (P - 6C0)+ ion of the 
complex. The complex, however, eliminated benzene from 
(P - 6C0)+ which required hydrogen migration to phenyl 
supported the ider thct methylene protons were present. 
The structure proposed w^s rs shown(XVl Fig. 17), rnd in 
order thpt both irons attain the electronic configuration
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of the next inert gas, one must visualize the donation 
of one pair of electrons from the aromatic ring to one 
iron. Although the complex appeared to he diamagnetic 
(p.m.r) a structure without TT - don°tion from the 
aromatic ring to one iron would require this iron atom 
have only sixteen outer electrons.

Further degr^drtive chemical work was performed 
on this complex. Reaction with FeCl^ produced a white, 
crystalline compound which gave a molecular ion °t 
m/e 209 and which mass measurement showed to he 
C-j^H-qNO. It w p s  deduced from the mrss spectrum that 
this compound had the structure XVII, the parent ■ 
caoloculsr ion demonstrating loss of carbon monoxide 
followed by hydrogen cyanide to give the very stable ion 
m/e 152 (II) already mentioned. Comparison with a 
synthetically prepared semple of XVII established its 
identity, end suggested that iron had been "bonded 
between nitrogen and one benzene ring. In addition 
lithium aluminium deuteride reduction of the complex 
gave e mixture of XVIII and XIX containing 81$ deuterium. 
Th^t the iron had been bonded to one benzene ring was 
demonstrated by the incorporation of one deuterium on 
the benzene ring in XVIII. Further synthetic work
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established certain requirements for complex formation.
Only those Schiff’s b^ses derived from ^n aromatic 
aldehyde or ketone would react with di-iron 
ennercarbonyl. Thus acetone anil ^nd acetaldehyde anil 
failed to give complexes, tut acetophenone anil reacted 
in the expected manner. The nature of the amine used 
for Schiff base formation with the aromatic aldehyde or 
ketone also appeared to be unimportant, and N benzylidene 
methyleiaine gave a complex, albeit in low yield. It was 
further observed that the aromatic aldehyde or ketone 
should contain at le°st one proton ortho to the carbonyl 
function. Therefore, although the Schifffs base from o - 
chlorobenzaldehyde reacted with di-iron enneacarbonyl; 
that from 2, 6 - dichlorobenzaldehyde would not react.

It should be noted, however, that this 
assumption may not now be valid. Very recent work on the 
mechanism of formation of the complex has indicated that 
pentafluoro N-benzylidene aniline forms a complex of the 
same basic structure as the other anils. This reaction 
proceeds with the elimination of a fluorine atom and hydrogen 
attachment to the carbon bridge. The origin of the hydrogen 
was assumed to be the solvent pnd so the reaction with N- 
kenzylidene aniline was repeated in hexadeuterobenzene as
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solvent. The mass spectrum of this compound, however, 
showed no incorporation of deuterium on the methylene 
bridge. Similarly the complex prepared from N - 
benzylidene oentrde utero aniline in hexedeuterobenzene 
showed no incorporation of deuterium. This evidence was 
in conflict with th*t obtained from N - pentafluoro 
benzylidene aniline and it was decided that either two 
separate mechanisms were in operation or that some kind 
of disproportion tion reaction was taking place.

In «n attempt to clarify the problem, the anil 
of deutsrobenz^ldehyde (37) was synthesised containing 
66$ deuterium. Reaction then with iron enneacarbonyl 
in benzene produced a complex which contained the same 
isotopic nurity of rnonodeuterated complex, indicating 
that no disrroportionation reaction had taken place and 
that the mechanism of the r?action had t^ken place by 
hydride transfer from the _o position of the °nil. Further 
supporting evidence was obtained when the anil prepared 
from oc deuterobenzalaehyde and I>7-aniline containing 100$ 
on the N - phenyl ring and » composition of 6:3 deuterium 
to hydrogen on the carbon bridge was reacted with iron 
enneacarbonyl in hexadeuterobenzene. The complex obtained 
showed only incorporation of hydrogen frum the o - position
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of the ringnnd no incorporation of deuterium from the 
solvent.

/s no other site of hydrogen w p s  present it 
was concluded that this w p s  the correct mechanism.

These facts provided additional strong 
chemical evidence for bonding between the benzene ring 
and en iron atom, and convincing physical evidence for 
the bonding in this type of complex was obtained from 
the ivlossbeuer spectra, which indicated a difference in 
the electronic environment of each iron atom, and hence 
excluded any symmetrical structure. Finally X-ray 
crystallographic determinations (21) have shown the 
structure to be correct. Although the carbons of the 
phenyl ring which form part of the ring are eguidistant 
from one iron (2.3/>), the methylene group which cannot

cparticipate in bonding with the metal is bent away (2.6^), 
whilst the nitrogen moves towards the iron so that it 
lies equidistant from both iron atoms (1.96h). If we 
assume that the nitrogen acts as a 3 electron donor, then 
simple valence bond structures can be written which 
account for the symmetrical bridging by nitrogen.
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discussion of Mass Spectral Features of Related />nil 
Complexes

/»s has already been mentioned, the complex 
formed from N - benzylidene aniline °nd di-iron 
enneacarbonyl eliminates a benzene molecule from the 
(P - 6C0)+ ion. Normelly the most important primary 
process resulting from electron impact on aliphatic 
pmines involves simple cleavage of the crrbon - carbon 
bond adjacent to the nitrogen atom (38) and it was 
upon this basis that the degradation product obtained 
by thelithium aluminium deuteride reduction of the 
complex was deduced to be a mixture of XVIII and XIX 
as shown in Pig. 18.

The ion formed by primary p fragmentation of 
amines normally undergoes further fragmentation and 
hydrogen rearrangement with elimination of p neutral 
molecule, (38). The site of hydrogen transfer was 
formerly considered to be the fi carbon involving a 
four membered transition state but Ljerassi et •'1(39) 
have shorn that four, five and six membered transition 
states are possible in the hydrogen migration and that 
the hydrogen transferred is non specific.

Some emphasis has been placed on the fact that 
this non specific migration of hydrogen is a secondary
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process occurring in ?n even electron system. In the 
case of the fcenz^laniline complex hyarogen migration 
with elimination of benzene is also « secondary process 
which occurs in both the (P - 6C0)+ ^nd (P - 6C0 - Fe) + 
ions. If then we are to discuss the specificity or non 
specificity of this reprrpngement process in the light 
of the odd or even electron nature of the complex 
some little difficulty arises owing to the ambiguity in 
consideration of the oxidption state of the metal atoms.

Recently Shannon has attempted to show (40,
41, 42) that odd electron ions c^n be changed to even
electron systems by a change of oxidation state of the
metal atom. This is claimed as, in the compounds
studied, peaks due to loss of even electron fragments
from a radical ion are sm°ll in corrroarison with those
due to loss of odd - electron fragments. For example,

n
(43) odd electrons ions of the type Metal (acac)n + 
where acac = acetyl acetone typically lose the odd 
electron fragments CH^ when n = 1 or 2 or acac’ when 
n = 3 or 4, while even electron ions of this structure 
i.e. ions formed from the parent or other odd electron 
ions by loss of radical fragments, eliminate an even - 
electron fragment of mass 82 as shown for the case of 
La(acac)3 in Fig. 19. The argument is then extended to
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suggest that elimination of even electron fragments, 
from wh^t one might presume to he odd electron systems, 
can he rationalised by first increasing the oxidation 
state of the metal by one, causing the metal orbital 
system to become an even electron variety, and hence the 
g^eate^ probability of eliminating an even electron 
fragment. The case of VO(ecec)g is shown in Fig. 19.
Such arguments seem very superficial indeed, in as much 
as it is very often an arbitary choice as to which 
oxidation state one considers the metal complex to be in; 
even in the parent ion.

Some of the difficulties can, however, be 
removed if classification is based upon the donor 
characteristics of particular ligands, assuming these to 
be radical species attached to a metal ^tom in its lowest 
oxidation state. For metal complexes it is usually 
convenient to consider the metal as zero-valent, or if 
the complex is charged, then the metal ^tom will carry 
the total charge.

It may be argued that it is unrealistic to 
consider two cyclopent^dienyl radicals as each donating 
five electrons to a zero-valent iron atom in ferrocene,
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since the chemical reactior. seems to suggest reaction 
of two cyclopentadieniel unions with ferrous iron (44). 
These arguments are merely tautological if one simply 
considers the nature of the product rather than its 
origin. The example of cyclopentadienyl tricarbonyl 
molybdenum vhich is shown opposite Pig. 20, clearly 
demonstrates the confusion which results if one does 
not resort to a radical system involving the metal in 
a zero-valent system.

Thus one electron donors include alkyl, aryl 
and acyl groups and hyarogen and halogen atoms. *Alkyl 
ana aryl derivatives of Zn (45) and Pb (46) are the 
earliest known compounds containing one electron donor 
ligands. For ell the derivatives of one electron 
donors their stabilities usually increase within a 
group e.g. V/, Mo, Cr, «nd also when carbonyls ere 
replaced by phosphinas ecc. A large number of groups 
ranging from CO, Prfl, HgS (R = alkyl and aryl) to amines 
?nd olefins are known to function as two electron 
donors. The bonding in metal carbonyl systems is 
discussed in the Appendix to this chapter.

If this argument is then applied to the anil 
complex under consideration the unionized molecule can 
be considered as an unsymmetrical bimetallic complex,
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with the metal atoms in the zero-valent state and bonded 
by single electron donation from the aromatic ring, two 
electron donation from each carbonyl grouping, and 3 
electron donation from nitrogen. The ionisation 
potential of the molecule is of the same order of 
magnitute as iron itself and can be considered as the 
removal of an electron from one of the highest occupied 
molecular orbitals (T2g) which are in fact those metal 
orbitals involved in <\ bonding to the antibonding 
orbitals of the carbonyl groups. These orbitals are 
almost totally metallic in character, and it is therefore 
useful to consider the ionization process as occurring 
within the metal orbital system.

On the basis of this argument the parent ion 
exists with one rnetel atom still in the zero-valent 
state, and the other in the +1 oxidation state. The 
elimination of the carbonyl groups, therefore, from the 
parent ion does not involve a change in the oxidation 
state of the metal as these are purely two electron 
donor bonds and we are able to view the (P - 6C0)+ ion 
as having both iron atoms in the same oxidation states 
as the parent ion. Loss of iron is the major 
fragmentation process occurring from this ion, although 
benzene is eliminated to ja moderate extent, i.e. both
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even and oaa electron neutral fragments are lost.
This result of course has been obtained by 

pn argument beginning with consideration of ionization 
within the molecular orbital system rrther thrn the 
purely arbitrary method employed by Shannon et al.

Now it can readily be seen that it is not a 
cut and dried idea to consider fragmentation in the light 
of even or odd electron systems. Even the intensive 
investigations of Djerassi °nd his co-workers (47 - 58) 
into the specificity of hydrogen transfer in even or odd 
electron systems have disclosed certain exceptions to 
their proposed theories (56, 57).

Therefore, having regard to the questionable ' 
ncture of m^ss soectrometric theory in these areas of 
investigation it was decided to examine the elimination 
of benzene with the ^id of labelling techniques. For this 
purpose the complex was synthesised from benz^ldehyde ^nd 
by-^niline to give Dg labelling on the N-phenyl ring.

Mass spectrometry then demonstrated that the 
principal transition from (P - 6C0)+ with elimination of 
benzene involved the labelled ring according to route A, 
Fig. 21, with consequential N-phenyl fragmentation and 
hydrogen transfer from the methylene bridge. Benzene 
could also be eliminated to a small extent from the
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disubstituted ring to give a weak ion at m/e 220.
The same process from (p - 6C0 - Fe)+ , however, 

involved the disubstituted benzene ring entirely with the 
necessary transfer of two hydrogens from the methylene 
bridge, «ccoraing to route B,(Fig. 21). It is difficult 
to find any reason why there should be a change in 
mechanism in changing from the bimetallic to mono-metallic 
state. It is probable, however, that the elimination of 
iron from (p - 6C0)+ returns the nitrogen to its normal 
valency with a lone pair of electrons. *As h^s already been 
stated, the dissociation of amines does not normally show 
cleavage of the nitrogen - carbon bond rather/? cleavage 
occurs. That cleavage does in fact oc'cur must lend s:oraa 
support to the present suggestion, although no firm 
mechanism can be found for this elimination of benzene.

The complete mass spectrometric fragmentation 
nattern is shown in Pig. 22. In all the spectra of 
substituted complexes of this type, ions exist both for 
the dihydro ana oerent organic nuclei. Spectra run at low 
electron voltages show th^t these ions do not originate by 
ion impact induced dissociation of the metallic corrvDlex, 
but ere formed thermally on the surface of the direct 
insertion orobe.
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Effects of Substitution
/-pert from the chemical evidence collected by 

varying the nature of the substituents R^, Rg, R^ on the 
bpsic skeleton of the Schiff's bases XX (Pig* 21), en 
opportunity was presented for studying the mess 
spectrometric behaviour of the derived complexes XVT(a)- 
(fc) . Various importpnt features observed as a 
consequence of these structural alterations are worthy 
of attention.
(i) The nature of R^.

(*) = Methyl (XVIb)
Substitution of one methylene hydrogen by methyl 

leaves the two main fragmentation routes unaffected, 
hydrogen cyanide elimination being replaced of course by 
that of methyl cyanide. Two additional pathways of 
dissociation, however, are incorporated in the mass 
spectrum (see Pig. 23). Ivl/e 266, for instance, occurs 
directly by abstraction of methyl cyanide from the (P - 6C3)+ 
ion. This ion occurs to an extent of 2.0$, whilst the ion 
from elimination of benzene is slightly more abundant (6.3$), 
both being even electron fragments.

The abundance of m/e 173, (P - 6G0 - Pe - benzene)t 
is, however, much smaller th*n the corresponding ion in the
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spectrum of the benzalandine complex, due possibly to 
the greater number of competing fragmentation processes 
which can occur from m/e 307.

The other route is more surprising. It 
involves the loss of twenty six mass units from the 
(p - 6C0)+ ion and is not as was first supposed the 
elimination of CfN, but of acetylene, as determined by 
precise mass raeasurement of the ions m/e 307 and m/e 281.
Further mass determinations at high resolution on the 
ions m/e 203 and m/e 147 established their formulation 
^s shovvn. This second route from m/e 281 onwards is, in 
fact, an integral part of the electron impact 
dissociation of the phenyl hydrazone complexes which has 
been discussed.

In order to investigate,a little more fully, 
the fragmentation process of acetylene abstraction it 
was decided to try and differentiate between a mechanism 
which involved the carbon - methyl bridge system and that 
of a possible loss from one of the benzene rings. No 
report has yet been made of any substituted benzenes 
existing in the butadienyl acetylene form (59) in the 
ionic state, «nd this possibility h^d obviously, to be 
investigated. /*n experiment was then devised which would 
not only differentiate between these two routes but at the
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seme time give information es to whether or not the 
hydrogens of the methyl group took pert in any migration 
process during the elimination of benzene from m/e 307.
This involved the synthesis of the complex from the 
condensation product of Dg- acetophenone (60) ^nd 
N - 1*2 “ aniline (61).

Unfortunately difficulties were encountered in 
obtaining the labelled anil in good isotopic purity. The 
best which could be obtained on the bridging methyl by 
this method w^s an «nil which mass spectrometry showed to 
be ps follows CH3 = 33%, CHgD = 33%, CHDg = 23%, CDg = 12%. 
No change in isotopic concentration was observed in the 
preparation of the corresponding complex with iron 
enneacarbonyl.

Calculations made on the basis of these isotopic 
concentrations ^nd making no allowances for isotopic 
effects showed that the expected ratio of the abundances 
of m/e 281: 282: 283 should have been 2.00: 1.20; l
assuming that acetylene was being eliminated from the 
methyl bridge system with concomitant transfer of either 
2H, DH or Dg to the remaining daughter ion. In f«ct in
the experimental raeasurement of these abundancies (making

13 54 57corrections for C, Fe and Fe contributions) values
of 1.99: 1.25: 1 were obtained, thus making quite clear
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the nature of the rearrangement process.
Similprly in the process involving elimination 

of benzene from the (P - 6C0)+ ions of the labelled 
complex, ions were observed at m/e 229 and 230 
corresponding both to hydrogen and deuterium transfer. 
Calculations based on the assumption that all hydrogen 
and deuterium transferred came from the methyl group 
predicted that the ratio m/e 229/m/e 230 be 1.63: 1.
Experimental observation showed this value to be 1.59:
1, which is very good agreement, and leaves very little 
doabt about the participation of the methyl group in 
hydrogen transfer to the phenyl ring.

(b) Ra = Phenyl. (XVI c.)
The main effect of phenyl substitution, as might 

be expected, is to change the stabilities of various ions 
relative to the ions of the basic benzalaniline complex. 
For instance the base peak is now m/e 369, (p - 6C0)* as 
compared with benzalaniline m/e 237, (P - 6C0 - Fe)J The 
abunuancies of the ions formed by stepwise losses of 
carbon monoxide from the parent ion are not changed to 
any great extent, nor are their percentage A values (see 
Appendix to chapter 2) and we may assume that the initial 
ionization and dissociation processes differ very little 
from that of the benzalaniline complex. The stability,
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however, of the (P - 6C0)+ ion is such that it 
dissociates to a ve^y small extent. This it can do in 
either of two ways, one by elimination of iron, end the 
major nrocess; the other by loss of phenyl as opposed 
to the more normal benzene (See Pig. 24). The loss of 
benzene in the step f^om the (P - 600)+ ion, we have 
already shown to involve the N-phenyl ring, and 
obviously the presence of another phenyl group at Rg 
causes a great deal of steric crowding for any attempted 
hydrogen migration.

The (P - 6C0 - Fe)+ ion, however, does show 
elimination of benzene, no doubt due to the change in 
symmetry and flexibility in the neighbourhood of the 
nitrogen atom. If, as we have shown for the case of the 

benzalaniline comnlex the aromatic ring involved in 
this decomDOsition is the disubstituted one, hydrogen 
must not only be transferred from the substituted 
methylene bridge but also from one, or both phenyl rings 
since this route requires a double hydrogen transfer.

within the rest of the spectrum there exist 
ions foT* the (P - 6C0 - Pe - HGN)+ decomnosition process 
?nd at m/e 210 (diphenyl iron) - an ion common to all the 
non aromatic substituted complexes, though these are small
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in comparison with the ions due to thermal degradation 
and electron impact dissociation of benzoohenone anil 
(parent ion at m/e 255) on the surface of the direct 
insertion probe.
(ii) The Nature of R^.

(a) R^ = o - chloro phenylene (XVI d)
The mass spectrum of most aromatic chlorine 

compounds normally displays a (P - Cl)+ ion as base peak 
for substituents bigger than methyl (62). The m»ss 
spectrum of the complex derived from o - chlorobenzalaniline 
admirably demonstrates the fallacy in extending known 
fragmentation routes of organic compounds to the 
orgenometallic systems derived from them. Organometallic 
coriroounds, as has already been discussed in some detail, 
cannot merely be considered as organic nuclei attached by 
week bonds to metallic units, dissociation under electron 
impact of which should show elimination of the weekly 
bonded metal, followed by normal fragmentation of the 
organic ligand. Metal atoms have obviously a great affect, 
not only on the reactivity and chemical nature of the 
complex, but also on their physico - chemical properties.

Similarly, substitution within the organic 
ligand also effects these properties. In the comnlex 
under consideration^ the basic '’benzalaniline complex
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type'1 breakdown almost completely disappears; that is 
to say no elimination of benzene occurs at all and 
instead a process involving loss of PhGHgN is observed 
from the (P -6G0)+ ion at m/e 327. Even the systematic 
stepwise fragmentation of carbonyl groups from the parent 
ion is changed since there is evidence (m*= 334.1 and 
m*= 279.2) for simultaneous elimination of two carbonyl 
groups between m/e 439 and m/e 383 and between m/e 383 
and m/e 327. That these effects are not evident in any 
other complexes of a similar type must be due to the 
influence of o - chlorosubstitution (see Pig. 25).

It is a commonly observed feature that the 
stability of the neutral fragment eliminated, together 
with the stability of the fragment ion formed, are important 
considerations in the feasibility of a decomposition 
process taking place. Hence m/e 222, which is an 
abundant ion( 22%) shovi/ing no further decomposition must be 
exceptionally stable relative to the neutral fragment 
PhCH^N eliminated during its formation from m/e 327.
This neutral fragment, however, need not be a single 
radical and if it can be considered as the concomitant 
elimination of benzene and hydrogen cyanide then the 
thermodynamic balance of the decomposition becomes doubly 
favourable. Such simultaneous eliminations are not without .
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precedent (63, 64) though they comparatively seldom 
occur, which makes the dissociation of the corriDlex ell 
the more unusual.

Metesteble ions at m/e 168.8 ^nd 170.3 
represent elimination of Fe/HCl and Fe/Cl from m/e 327.
The latter is, however, probably the elimination of 
FeCl as a complete unit. This is possible if we assume 
homolysis of the bond between iron and chloro- 
substituted ring,followed T*y rotation about the bond as 
shown in Fig. 26. An accurate three dimensional model 
of the compound using X-ray data from the corresponding 
benzalaniline comolex (21) and a .carbon - chlorine bond

olength of 1.73/* shows iron-chlorine ovarian to be 
unavoidable if such rotation occurs. Beynon (65) who 
has studied the mass spectre of various mono and © - 
dibasic aromatic acids (Fig. 26/*) has shown that deutero 
benzoic acid demonstrates OH and OD losses and (5) 
is postulated as an intermediate rotation of the C - C 
bond nroducing an equilibrium exchange of hydrogen 
between the o - position and the carbonyl. The molecule 
ion of 4 however only eliminates OD since sterically the 
rotation is restricted by the o - carboxylic acid group. 
However, after a loss of carbon dioxide the molecule is no
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longer stericelly hindered and there is the possibility 
of both OH and OD loss such as occurs in benzoic °cid.

Th°t such rotational intermediates do exist is 
fair evidence in support of the elimination of FeCl as an 
entity. Further support is to be found in the spectrum 
at m/e 91 which precise mass measurement has shown to 
be (FeCl)+.

The fragmentation step which involves the 
formation of m/e 235 fcy concomitant elimination of iron 
and hydrogen chloride can be visualised as forming a 
substituted benzyne ion which further dissociates by 
elimination of 10 3 mass units to give the ion m/e 132, 
common to all the spectra of the Schiff's base complexes. 
This latter process is supported fcy a metastable 
transition at m/e 74.1.

It should also be noted here that although o - 
chloro banzalaniline is liberated on pyrolysis within the 
mass spectrometer and that the electron impact induced 
dissociation of this compound produces the ions m/e 180 
and m/e 152 (jx ) as expected, the complex shows no 
elimination of chlorine as such, either in the parent or 
its fragment ions, nor are there present any ions related 
to m/e 210, (CgHg/^Fe, in the spectrum of the benzalan'Jina
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complex. /» table of mess measurements performed on this 
complex is shown below.

T/BLE 5

m/e
Observed

Mass Formula j 
____ 1

Theoretic*
Value

<371 270. 9848<3
1

Ci3H10NClFe I 270.98510
236 236.01618 G13H10ro'e | 236.01625
222 221.86110 CgHgCiPea j 221.86118
132 131;96683 C6H4Pe ; 131.96622
131 130.95892■ C6H3Pe ! 130.95840
*1 90. 90432 FeCl 90.90378

(b ) The Complexes from N - 4 Benzylidene Aniline(XYIe) 
rnd N benzylidene p - Toluidine (XVI f)

Although the complex from N benzylidene p - 
Toluidine is essentially a variation in the substituent 
Rg, it is worthwhile to discuss its m^ss spectral 
features together with its isomeric complex XVIe as the 
spectra of the two compounds are almost identical.

Both show the main features already observed 
for the comnlex from benzalaniline; that is stepwise 
loss of all six carbonyl groups forming the ion m/e 307,
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followed by loss or iron to give the ion m/e 251, and in 
the c^se of XVIe elimination of benzene to yield 
m/e 22J. whpt was surprising, however, was that 
fragmentation of the ion m/e 251 gpve identical 
products in the ions m/e 224, 222, 173 and 159. M/e 224 
and 222, of course, could be rationalised as elimination 
of hydrogen cyanide from the (P - 6C0 - Fe) + ion 
followed by two hydrogens, a process quite familiar 
already in the benzalaniline complex; whereas the 
formation of the ions m/e 173 and 159 supported by 
appropriate metastable ions, could only be formed by 
elimination of benzene and toluene respectively. In 
XVIe m/e 159 -was the more abundant of the two ions, whilst 
in XVIf m/e 173 was the mejo^ ion. These features were, 
of course, observed before the labelling studies with Dg 
benz^liniline had been carried out and were then 
difficult to nationalize.

Now, of course, with prior knowledge of the 
mechanism of loss of benzene from the (P - 6C0)+ and 
(P - 6G0 - Fe)+ ions of the labelled compled it is quite 
readily seen that the two complexes XVIe and XVIf both 
fit rigorously with this mechanism.

The mass spectral breakdown of XVIe is shown 
in Fig. 27.
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(c) Complex from Pentafluoro N Benzylidene Aniline 

(XVIE).
/pert from the breakdown of the parent ion of this 

complex by successive elimination of carbon monoxide to form 
m/e 365 (the base peak of the spectrum), further cracking is 
totally unlike any of the other substituted anils. The 
(p - 6C0)+ is exceptionally stable and shows very little 
fragmentation. Ions of very low abundance, however, are to 
be found vi/hich correspond to successive removal of all four 
fluorine atoms, and except for ions corresponding to 
decomposition of the uncomplexed ligand, this amounts to 
the total fragmentation exhibited by the complex.
(iii) Nature of R^ (XVIh)

The only complex so far prepared other th^n aryl 
substituted groups in the Rg position is that of Rg = methyl. 
The preliminary loss of benzene from the (P - 6C0)+ ion 
observed in the benzalaniline complex is not paralleled by 
a loss of methane from the methyl substituted complex, nor 
is there elimination from the (P - 6C0 - Fe) + ion. Where 
similarities do occur, however, are in the elimination of 
hydrogen cyanide from both m/e 231 (P - 6C0)+ and m/e 175 
(P - 6C0 - Fe)+ to form the ions m/e 204 and m/e 148. The 
latter process is comparable with the formation of m/e 154 
in azobenzene and benzalaniline, the more so since the 
succeeding process involves elimination of two hydrogens. This is
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surprising since "benzylidene methylamine itself shows 
no tendency to eliminate the central hydrogen cyanide 
molecule, once more amply demonstrating the effect of 
the metal orbital system upon the nature of 
decomposition of the organic ligand, and the need to 
study structure as an entity. The mass spectral break
down of XVIh is shown in Pig. 28.
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Conclusions:
The mass snectrn of complexes derived from 

reactions of substituted azobenzenes, benzophenonazines, 
phenyl hydrazones, pnd benzalenilines with iron carbonyls 
hpve shovvn the existence end structural features of 
compounds hitherto unreported end novel in constitution.
The ability of iron carbonyls to cleeve nitrogen - 
nitrogen bonds end, in some cases, to -produce molecular 
rearrangements within aromatic systems has also been 
demonstrated. In addition isotopic labelling and mass 
spectrometry have elucidated the mechanism of formation 
of metal complexes derived from substituted benzalanilines.

Several weaknesses in the mass spectrometric 
method of structure determination have been uncovered. 
Notably in the complex derived from benzophenoneazine and 
iron enneacarbonyl, reliance on the analogy of existing 
known rearrangements allowed a misinterpretation of 
structure to be made, and underlines the great difficulty 
which ion rearrengements can cause in structural 
assignments.
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EXPERIMENTAL

The mass soectra were determined using an 
A.E.I. M.S. 9 double-focussing mass spectrometer at a 
source temperature of 180°C and an ionizing voltage of 
70eV. A direct inlet system was used to introduce the 
samples.

The details of experimental methods used to 
synthesise labelled compounds are shown overleaf, 
followed by tabulation of the mass spectra of the 
compounds examined.

The author gratefully acknowledges the co
operation and advice afforded by Professor Pauson, 
hr. G-.R. Knox, Dr. M.M. Bagga end Mr. W. Flennigan of 
the University of Strathclyde, Glasgow, during the 
course of this work.
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Preparation of Deuterium Labelled Complexes 
For Mass Spectral Analysis

preparation of•c-Dauterp benzeldehyde
^-Deutero benzaldehyde was prepared according 

to the method of Bennett, Kirby and Moss (37). Only 66$ 
incorporation of deuterium was obtained as opposed to 
the 97$ value quoted. Correspondence with Prof. Kirby 
has shown that the last stage in preparation should 
involve hydrolysis with 4N HCl (aqueous), 1 hour at 
reflux, and not 2N aqueous/alcoholic HCl as published. 
Preparation of Trideutero acetophenone

The preparation was carried out according to 
the method of Noyce, Woodward, end Jorgensen (60). Five 
exchanges were carried out to give 97.6$-/,^,^, 
trideutero acetophenone by low voltage M.S.
Preparation of N-Benzylidene 2, 3, 4, 5, 6 pentadentero 
aniline

1.06g (0.01 mole) redistilled benzaldehyde and 
l.OOg. (0.01 mole) D^ - aniline (66) were stirred 
together for 15 minutes, ao ml of ethanol were then added, 
cooled in ice and the anil precipitated by dropwise
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addition of water. Filtration and recrystallization
from ethanol gave N-benzylidene 2 , 3, 4, 5, 6
pentadeutero aniline, 91.7$ (l.66g). Isotopic Purity
95$ Lc by low voltage M.S. o
Preparation of N-(at deutero benzylidene) - 2, 3, 4, 5, 6 
pentadeutero aniline

0.7g (0.006 mole) -J-deutero benzaldehyde 
0.654tg (0.006 mole), Dy - aniline 
As for N-Benzylidene 2, 3, 4, 5, 6 pentadeutero 

aniline. Yield 91$ (1.10g) Isotonic Purity 66$ Dg, 33$ 
DgH by low voltage M.S.

c Trideutero acetophenone anil
2,4g (0.002 mole) of acetophenone - Dg and 

2.738g (0.025 mole) of formamide acetal hydrochloride 
(67) were stirred in ethanol (7.5 ml) for 4 days gave a 
97$ yield of D3 acetophenone diethyl ketal (67b). 2.5g
of the ketal v>/ere then stirred with 1.2g of aniline - 
Dg, the ethanol removed by distillation, and^, 
trideutero acetophenone anil 25$ (0;'72g). Isotopic 
Purity CD3 (12$), CD^H (23$), CDHg (33$), CHg (33$).



Mass Spectrum of Complex from Azobenzene.(1V>.

M/e #Abund. W e #Abund• M/e J&Abund. M/e $Abund•
50 3.6 13*+ 7.9 182 10.1 321+ 0.9
51 13.7 135 1+.2 183 5.0 31+8 8.6
53 *+•3 138 7.7 181+ 9 A 3*+9 2.1+
5V 7.9 139 3.2 209 2.6 350 58.3
56 100.0 1**6 >+.3 210 3 A 351 12.9

l k 6 . 5 0,557 9 A 1 k-7 A A 211 9 A 352 2.1
A7, 5 2.1*

63 3.6 1̂ *8 2.1+ 212 2*8 376 0.8
65 if.2 15*+ >+.3 219 0.9 378 3.7
77 13,7 155 i+A 221 9 A 379 1.1
78 5.8 156 10.8 222 2.1 1*05 °.65
8** 10.1 157 1.3 236 7.2 1*06 13.7
85 7.9 158 3.2 237 2.2 *+07 3.6
86 3.2 160 8.9 238 52.5 1*08 0.5
87 20.1 161 7.3 239 8.6 1*32 1+.2
112 1*+A 166 2.1 292 12.9 **33 1.9
120 2.9 167 8.5 293 7.5 i+3*+ 29.5
121 5.0 168 2.1 29I+ 100.0 *+35 7 A
127 6.3 169 3 A 295 18.7 1*36 2.2
128 5.8 173 8.6 320 8.9 1*60 0.1
129 3.6 179 l A 321 1.2 1*62 0.7(P)
132 6.5 180 3.7 322 53.9 1*63 0.1
133 13.7 181 15.8 323 10.8



Mass Spectrum of Complex from B-methoxyazo benzene.(VI)•

M/e î.bund.
5o 13.1
51 21.3
52 28.9
53 2>*.8
51* 7.6
62 10.3
63 21+.8
6*f 21+.1
65 33.1
66 6.7
71* 8.3
75 8.3
76 8.3
77 1+2.0
78 31.7
79 10.3
8o 72.1*
81 8.9
91 11.7
92 33.8
93 7.6
106 6.9
107 3»f.5

M/e J&Abund.
108 70.3
109 7.0
120 13.8
121 9.7
122 6.9
123 93.8
121+ 8.6
126 IV.1
127 3.>+
135 10.3
136 1.6
138 5.2
139 ^.5
m o 6.2
li*8 3.>+
li*9 2.1
151* 3 A
156 l.i*
168 l A
169 26.9
170 3.5
181* 2.1
18? 9.6

M/e JtAbund.
186 1.1*
196 5.̂
197 3 ^
198 1+.9
211 10.3
212 5.7
239 0.7
21*0 96.5
21*1 27.7
21+2 1V.5
21*33 2.8
259 8.9
260 1.7
289 2.1
290 0.8
303 2.2
30*+ 8.9
305 2.6
315 1.1*
316 0.7
317 *f.3
318 2.1
331 0.7

M/e $Abund.
332 b .9

333 1*8
31*6 1.5
3*f7 100.0
31*8 32A
21*9 b .9

361 8.3
362 l . b

373 0.7
37M- O.if
375 2.9
376 0.9

0.7
1*02 0.3
*03 13*3
l+0*f >+.6
b 05 0.7
^65 0.3
^67 8.5
^68 l . b

■̂81 O A
bQ2 0.9

O A



M/e

**95
1*96

510
511
536
537
538
539
5^0
56i*
565
566
567
59^
595

(YD-Coatt

jfcAbund. M/e #Abund.
0.55
0.1 
0.8
O.V
1.6 
0.8
22.8
8.3
2.1 
0.2 
0.1
3*6 
0.9
0.2(P)
0.1

M/e ^Abund. M/e #Abund.



Mass Spectrum of Complex from o-phenylene diamine.

M/e $6Abund. M/e #Abund. M/e #Abund.
50 8-5 109 15.5 302 10.0
51 l*f.l 110 3.8 328 3.0
52 17.0 131* 5.5 329 1.5
53 16.8 135 23.8 330 16.9
55 11.0 136 2.9 356 3.8
60 1.1 Ihb l.o 357 1.0
6l 1.5 1^5 i*.o 358 16.9(P).
62 3.0 1^6 1.0 359 l*.i*
63 10.0 160 10.8
(h 10.? l6l 2.0
65 l*f.0 162 100.0
66 16.1 189 1.2
67 11.0 190 ^.5
77 9.0 191 l.i*
78 10.0 216 10.5
79 7.9 217 2.6
90 2.8 218 8i*.0
91 10.0 219 10.0
92 5.9 2l*5 1.0
101 9.0 21*6 1*0.0
102 1.2 21*7 6.1*
108 16.5 272 3.0

$Abund.



Mass Spectrum of XlV(c).

M/e $Abund. M/e %Abund•
50 19.0 131 17.0
51 V6.3 132 66.2
52 10.3 133 100.0
5V 1V.3 13V 21.1
56 100.0 135 1.36
57 8.8 151 2.0
7V V.8 152 9.5
75 5.1 153 7.5
76 10.2 15V V.8
77 V7.6 157 3.V
78 15.6 158 V.8
81 9.5 159 19.7
82 2.0 160 2.7
103 5.V 180 12.9
10V 28.5 181 6.1
105 2.7 186 V.l
106 2.5 187 2.1
107 8.8 188 28.9
110 3.V 189 V.l
111 25.1 208 5.V
U3 l.V 209 6.9
130 V.l 210 V6.9

W e 56 A bund. M/e $Abund•
211 7.5 if 71 V.l
23V if.2 472 71.1
235 if.8 473 2V.6
236
236. 37.1 5 1.4

474 V.8
237 6.5 498 2.8
262 3.4 499 1.0
263 1.1 500 15.9
264 21.1 501 5.9
26? 3.1 502 l.V
266 100.0 526 0.V
267 28.6 527 0.1
268 3.5 528 2.7
311 1.3 529 1.2
312 1.1 554 0.5
313 9.5 555 0.2
31M- 2.7 556 3.1
367 5.6 557 1.7
368 2.0 582 1.3
369 38.1 583 O.V
370 10.2 58V 9.2
371 0.9 585 V.l
if 70 10.3 586 1.1



Mass Spectrum of XlV(c). Cont'd.

M/e JfcAbund, M/e jGAbund. M/e #Abund. M/e ^A bund. 
610 0.5
611 v 0.2 
612 3.0
613 1.6
6l4 0.3
638 0.1
640 1.6(P).
641 0.8



Mass Spectrum of XV(a).

We #Abund. M/e #Abund. M/e #Abund. M/e #Abund.
50 31.0 91 if.8 128 1.2 178 0.8
5 i' 30.0 92 20.1 131 1.0 180 3 A
52 17.1 93 100.0 132 3.2 181 2.8
53 3.2 9*+ 10.0 133 5.b 182 1.0
5b 6.1 95 0*2 13b 1.1 201 6.1
55 1.0 102 2.3 l*+5 2.0 202 1.5
56 lif.8 103 86.2 li+6 3.6 203 M+.2
57 6.1 10i+ 63.1 l*+7 16.1 20*+ 7.0
60 1.0 105 1+1+.2 li+8 18.9 205 91.2
6l *+•2 106 7.2 l*+9 22.1 206 l*+.9
62 6.8 107 2.0 150 2.3 207 2.0
63 12.2 110 1.0 158 1.0 222 0.5
(h 5.3 ill 0.3 159 2.2 223 1.2
65 26.3 112 12.2 160 3 A 22b 2.8
66 52.1 113 1.2 168 2.0 225 1.9
67 12.2 119 1.1 169 2.5 226 0.2
7b 9.2 120 1.8 170 3.0 251 *+.9
75 12.2 121 11.3 171 0.5 252 1.2
76 ^5.3 122 2.2 17*+ 1.8 279 2.0
77 33.0 125 2.8 175 2.2 280 1.1
78 23.2 126 3.0 176 8.7 281 6.9
79 2.1 127 13.2 177 3.2 282 1.8



Mass Spectrum of XV(a)* Cont'd.
M/e {(A bund. M/e $Abund.
30>+ 1.2 >+18 3.8
305 0.5 *+19 1.0
306 V 15.2 *+20 25.1
307 3.2 *+21 6.0
308 93.2 1+22 1.2
309 23.2 1+1+6 1.2
310 3.0 1+1+7 0.2
311 1.2 1+1+8 6.9
33̂ ^.9 1+71+ 1.0
335 1.2 1+76 3.2<P)
336 33.2
337 6.9
338 1.0
362 2.1
363 0.8
361+ 12.8
36? 2.9
366 1.0
390 1.1
391 0.2
392 **•.3
393 1.2

M/e #Abund. M/e #Abund.



Mass Spectrum of XV(b).

We #Abund. M/e ^Abund. M/e #Abund. M/e #Abund.
50 11.2 91 10.8 131 1.1 20*4- b .9
51 13.2 92 16.3 132 2.8 205 0.8
52 11.1 93 100.0 133 6.9 217 1.9
53 2.*4- 9*+ 9.9 13*4- 1.2 218 0.*f
5k 5.0 102 2.1 1*4-5 2.0 219 3.0
5? 2.2 103 17.2 lk 6 2.2 220 0.5
56 2*4-.1 10*4- 67.2 lk 7 8.2 223 1.2
57 1.2 105 6.8 1*4-8 11.0 22*4- 2.2
61 2.9 106 b.O 1*4-9 1.2 225 1.7
62 k.O 110 1.9 167 2.2 226 0.*f
63 7.8 111 0.2 168 3.0 277 1.8
6k 3.8 112 8.2 169 3.2 278 0.2
6 5 22.1 113 1.1 170 1.6 279 11.9
66 37.9 117 2.2 17*4- 2.1 280 3.0
67 3.0 118 10.0 175 3.9 281 79.8
7k 2 119 Mf.O 176 5 .k 282 1*4-.2
75 3.6 120 11.1 177 1.9 283 2.0
76 9.1 121 9.0 180 2.0 320 11.9
77 25 .b 125 1.8 181 1.9 321 3.2
78 16.2 126 3.0 201 5.1 322 98.2
79 2.1 127 8.2 202 l.*4- 323 20.8
90 2.1 128 1.0 203 33.0 32*4- 2.3



Mass Spectrum of XV(b).Cont'd*

M/e ^Abund. M/e $Abund.
3̂ 8 l*.2 b(h 0.5
3̂ 9 1.2 1+88 0 .1*
350 28.9 1*89 0.1
351 6.9 1*90 2.5(P)
352 1.1 1*91 0.6
376 1.5 1*92 0.2
377 1.5
378 7.5
379 1.9
-̂oM- 1.2
4-05 0.3
1+06 l*.l
1*07 0.9
3̂2 2.9
3̂3 0.5

blh 16,5
**■35 >+.1
3̂6 1.0
M-60 1.2
6̂1 0.3
1*62 0.3
6̂3 2.1

M/e #Abund. M/e $Abund«



We
50
51
52
55
56
57
58

62
63

6k
65

7k
75
76

77

78

79

89

90

91

102
103

Mass Spectrum of (XVII)•

#Abund. M/e #Abund, M/e #Abund. M/e #Abund.
5.1 

15.8
2.8
1.9
1.1
1.5 
5.3 
2.0
6.7
3.6
1.5
1.8
2.6 
7 A

^8.0 
13.0 
l A
9 .2

8.1 
2.0
1.3
1.9

M/e ^Abund,
10*f 22.0
105 6.0
151 1.6
152 5.2
153 1.8
178 l A

179 2.1
180 25.0
181 18.0
182 2.9
208 ^1.5
209 100.0(P)
210 20.0
211 2.2



Mass Spectrum of XVl(a)

M/e #&bund. M/e $Abund.
50 6.0 110 1.6
51 30.8 112 28.1+
5>+ 9.2 132 29.6
56 60.0 133 11.6
57 12.1+ 13V 9.6
63 6.0 11+6.5 21+.0
65 5.2 152 12.0
76 l+.O 153 6.0
77 39.6 157 l+.o
78 8.8 158 2.3
81 12.1+ 159 20.1+
82 1+.8 160 3.2
8>+ 16.0 179 6.0
89 8.0 
09.5 1.0 180 38.0
90 2.8 90.5 1.2 181 30.0
91 13.6 182 7.2
93 2.0 183 6.8
9*+ 5.6 208 6.8
95 2.0 209 5.2
103 2.0 210 11+.8
104- 6.0 211 3.2
105 l+.O 215 7 A

M/e ^Abund. M/e $£&bund.
216 1.2 1+03 2.8
23V 8.8 1+01+ 0.8
235 35.0. 1+05 19.6
236 9.6 1+06 1+.8
237 100.0 1+31 0.1+
238 17.6 **33 1.2
239 2.0 1+31+ 0.1+
291 17.6 i+59 1.2
292 1+.0 i+6l 8.0(P)
293 96.0 1+62 2.1+
29>+ 22.2
319 8 A
320 1.6
321 60.0
322 12.8
3*+7 5 A
3 M 1.8
3^9 35.6
350 9.3
375 0.1+
377 2.0
378 0.5



Mass Spectrum of XVl(b).

M/e $Abund. W e $Abund.
50 12.2 10*+ 17.1
51 66.2 105 20.5
52 8.0 106 2.8
53 2.1 111 1.3
5̂ 1.8 112 6.2
55 1.0 117 2.1
56 15.2 118 31.2
57 1.6 119 l+.l
62 2.2 120 2.2
63 7.2 121 3.2
61+ 3.0 122 0.8
65 7.0 131 0.8
66 ^.8 132 5.9
67 1.0 133 5.0
7** 3.0 12b 1.2
75 l+.o lb  5 1.1
76 12.2 lb 6 1.8
77 92.2 11+7 1+.8
78 22.7 li+8 2.1
79 b.b li+9 1.3
102 3.2 150 1.00
103 lb .2 151 2.9

W e #Abund. W e $Abund.
152 8.1 210 b . l

153 1.2 211 0.5
179 2.8 22 7 1.2
180 100.0 228 0.2
181 37.2 229 6.3
182 19.1 230 l . b

183 3.1 2*+9 2.1
193 b.Q 250 1.0
19*+ 8.1 251 7.9
195 93.1 252 1.8
196 21+.9 26*+ 0.5
197 15.0 266 2.0
198 3.0 26 7 0.3
201 2.0 279 0.7
202 1.0 280 0.1+
203 8.9 281 3.3
20*+ 1.5 282 0.7
205 k . l 305 9.1
206 0.9 306 3.1
207 0.2 30? 65.2
208 1.8 308 13.0
209 2V0 309 2.1



Mass Spectrum of XVl(b). Cont*d.

M/e $Abund. M/e j£Abund.

333 5.2 Mf8 0.3
33̂ 1.6 Mf9 0.1
33? *fl.2 V73 0.9
336 9.5 if7*f 0.2
337 2.1 W75 6.9(P)
361 3.0 if76 1.8
362 1.0 *f77 0.V
363 19.9
36^ if.8
365 1.5
389 1.6
390 0.5
3§1 11.1
392 2.9
393 0.8
1̂7 3.8
*fl8 1.0
*fl9 2lf.3
lf20 6.2
M-21 1.8

0.2
¥f7 0.9

M/e ^Abund. M/e #Abund.



Mass Spectrum of XVl(c).

M/e $Abund. M/e JoAbund. M/e $Abund.

50 6.0 ll+8 6.0 370 25.0
51 36.5 152 12.5 371 ^•5
52 *w5 153 7.0 1+25 17.0
56 30.0 15^ 2.5 V26 5.0
62 1 A 165 66.0 ^53 26.0
63 5.0 166 19.5 1+81 15.0
67 3.0 167 23.O 537 1.6(P).
77 31.0 168 10.0
78 12.0 179 2.8
81 2.1+ 180 100.0
89 2.7 185 7.0
91 3.0 25V 7.5
93 9.5 256 30.5
103 2.0 257 77.5
ie>+ 2.5 258 16.0
112 7.0 259 7.0
115 3.7 292 l+.o
121 *+.0 296 2.5
130 8.0 367 15.0
137 ‘f.O 368 8.5
1̂ 7 3.5 369 100.0

#Abund.



Mass Spectrum of XVl(d).

M/e $Abund. 
50 15.0 
51 53.2
52 10.1
53 1.1
5b 3.9
55 1.9
56 55.6
57 b.o

62 3.9
63 3.9
(h 5.1
6 5 11.6
66 7.8
67 3.0
76 7.0
77 96.2
78 32.8
79 3.2
8o 0.2
81 8.2

17.889.5 6.090 11.390.5 9.0

M/e $Abund.
91 22.3
91.5 0.5103 8.2
10** 37.2
105 7.0
106 33.0
107 2.0
125 27.8
126 3.7
127 9.6
128 3.0
129 0.5
130 1.6
131 *f.O
132 7.3
133 8.6
13^ 1.6
151 5.9
152 20.8
153 8.9
15^ 3.9
163 2.6
163.5 l b . 2
1&¥ 3.0
16>*. 5 k.Q

M/e $Abund•
172 8.9
173 2.9171* 3.2
175 0.8
179 2.9
180 100.0
181 38.2
182 20.2
183 3.1
207 1.2
208 **.5
209 7.2
210 b . l

211 1.0
213 1.8
21** 29.5
215 3^.0
216 19.2
217 28.2
218 5.9
232 2.0
233 2.0
23I* 15.2

M/e #Abund•
235 Mf.2
236 l**.l
237 *f.O
268 1.2
269 2.0
270 5.1
271 6.0
272 3.0
273 2.3
300 2.3
301 1.5
302 l.l
325 15.2
326 3.8
327 **7.1
328 16.8
329 28.0
330 5.2
353 7.0
351* 1.5
355 55.2
356 ll.l



Mass Spectrum of XVl(d){Cont1d*

M/e $Abund. M/e /bAbuna.

357 18.2 I469 1.8
358 3.9 >493 1.5
381 *4.2 1+9^ 0.5
382 1.0 ^95 8.2(P)
383 32.1 ^96 2.1
38̂ 7.5 ‘497 3.0
385 11.8 1+98 0.8
386 2.5
0̂9 O A
‘fll 3.0
*412 0.7
*H3 1.2
^37 *4.5
*4-38 l.l
*439 33.8
bbo 7.9
>̂ 1 11.2
*4*42 2.1
V65 1.0
6̂6 0.3
>467 lf?0
>468 1.2

M/e $Abund# M/e #Ab$nnd.



M/e $Abund•
Mass Spectrum of XVl(e).

M/e #Abjmd. M/e ^Abund. M/e ^Abpnd.
50 *+•2 76 2.9 98 0.1+ 129 0.1+
51 21.1+ 77 61.5 101 0.1+ 130,) 0.3
52 3.5 78 10.5 102 1.1 131 0.1+
53 1.2 79 3.0 103 l+.l 132 0.9
9* 1.1 80 0.3 101+ 13.0 133 0.8
55 1.2 81 0.8 105 39.0 13b 1.0
56 5.1 82 0.5 106 6.9 137 0.6
57 1.6 83 0.7 107 0.5 138 0.5
61 0.3 83.581+ 1+.20.8 112 2.9 138 0.5
62 1.1 85 0.3 113 0.3 139 0.6
63 1+.2 86 0.3 111+ 0.3 ll+o 0.1+
& 1.7 87 0.1+ 115 1.1 ll+l 0.6
65 8.0 88 0.1+ 116 2.5 li+6 2.3
66 2.1+ 89 l+.o 117 1.9 li+7 0.6
67 0.5 90 3.3 118 2.0 li+8 1.3
68 0.2 91 19.6 119 0.8 151 0.8
69 0.7 92 7.6 126 0.1+ 152 1.8
70 0.2 93 8.3 121 0.5 153 1.0
71 0.5 9^ 0.6 125 1.6 153.151*

5 10.1 1.8
73 0.2 95 0.1+ 126 0.1+ 159 1.7
7b 1.2 95.596 2.30.2 127 0.8 160 0.1+
75 1.5 96.597

8.0
1^.3 128 0.7 161 0.3



M/e
162
163
164-
165
166
167
168

171
172
173
174
178

179
180
181
182
183
190
191
192

193
194

Mass Spectrum of XVl(e).Cont'd.

bund* M/e $Abund. M/e #Abund. M/e #Abund.
O.b 195 88.0 252 2.6 475 0 . 5

0.5 196 22.0 253 0.3 476 e.i
O.k 197 19 A 25^ 0.2 4 77 3.i(P)
3.2 198 2.6 303 0.2 478 0.8
1.8 199 0.3 301+ 0.?
1.6 200 0.2 305 6.0
0.9 213 0.2 306 1.?
0.3 21^ 0.3 307 40.0
0.2 21? 0.7 308 8.?
1.2 216 0.5 309 1.1
0.6 217 1.3 333 2.8
1.6 218 0.1+ 33*+ 1.1
2.0 219 0.9 33? 23.0

7.0 222 0.9 336 4.8
2.8 223 0.5 337 0.8
1.5 22*f 2.1 >+17 1.4
0.9 225 0.5 4-18 0.4
0.5 2*f7 0.5 419 12.0
1.0 2^8 0.9 4-20 2.7
1.7 2>+9 3.9 421 0.6
5A 250:-.8 4, 1.1 447 0.?

100.0 251 15.5 448 0.2 '



Mass Spectrum of XVl(g)

M/e $ A bund. M/e J5A blind, M/e /6A bund.
50 11.0 23*4 31.0 *4-77 11.5
51 36.5 235 39.0 505 1 .1

52 8.5 236 7.5 533 2 .8

65 16.5 237 5.5
66 9.0 251 3.3
77 100.0 252 27.0

78 13.0 253 *4-8.0
92 1*4-.0 25*4 17.5
93 20.0 255 32.0

99 *4.3 256 *4-.7
103 3.5 270 30.0

10*4- 32.5 288 1.7
105 7.3 289 2 .1

106 18.0 290 1.5
1̂ 3 5.6 363 3.7
1̂ 5 7.8 36*4 0.2
150 5.5 365 30.0

163 29.0 390 1.6
176 ^.5 393 1*4.0
177 5.*4 39*+ 2.6
216 *4.6 *421 6.5
217 5.0 *4*49 2 .7

$Abund#



Mass Spectrum of XVl(h).

We $Abund. W e #Abund. M/e $Abund. W e $Abumd.
50 15.1 89 8.9 136 2.0 228 1.2

51 28.3 90 7.2 137 3.2 229 27.6

52 8.0 91 67.1 138 1.8 230 *+.1

53 2 .2 92 7.8 ll+6 7.0 231 6*+.l
5i 3.0 97 *+.8 l*+7 1 .8 232 9.1
55 1 .2 10)2 1 .8 l*+8 25.7 833 1 .1
6l 2 .1 103 12.0 li+9 2.7 257 11.1
62 5.2 10*+ 5,8 153 1 .2 258 1.9
63 12.7 110 *+.1 173 ^.3 259 83.1
6*+ 1+.0 111 0 .2 17*+ 3.8 260 10.9
65 13 A 112 31.2 175 15.1 261 1.5
66 2 .2 113 3 .1 176 2 .0 285 3.0
75 *+.6 117 9 .9 187 0.5 285 3.0
76 9.9 118 100.0 188 0.8 286 0.8
77 *+5.3 119 9^.3 189 0.2 28 7 28.1
78 35.3 120 22.3 200 1.2 288 >+.9
79 3.2 121 *+.1 201 0.7 289 1.0
81 ^•3 131 1.2 202 2.5 313 1.2
82 1.8 132 8.8 203 1.0 31>+ 0.3
83 2.0 133 5.2 20*+ 3.5 315 9.0
81+ *f.8 13*4- 2.1 205 1.0 316 2.0
85 1.0 13? 0.2 22 7 5.1 397 2.9



Mass Spectrum of XVl(h).Cont'd.

M/e ^Abund. M/e ^Abund. M/e $Abund. M/e ^Abund.
398 1 .0

399 21.2(P).
hOO 5.0
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Appendix to Chapter Two 
The ways in which the nature of a particular 

ligand system affect the electronic energy levels of a 
metal ion have been studied in three main directions (l). 
These are as fellows:-

(i) The electrostatic crystal field theory first 
developed by Bethe (2), which is unsuitable 
for many classes of complex, and assumes th^t 
all interactions between the metal ion and its 
surroundings may be tre°ted as purely 
electrostatic effects between point charges.

(ii) The fundamental molecular orbital theory which 
assumes all bonding results from an overlapping 
of the orbitals of the metal with the appropriate 
symmetry orbitals arising from a linear 
combination of the ligand molecular orbitals,

(iii) The ligand field theory which uses the symmetry 
considerations of Bethers method but combines 
with the electrostatic approach one which 
allows the existence of chemical bonding between 
the metal ion and the ligand system.
It is useful here to show ho i the molecular 

orbital approach can be applied to obtain a set of energy
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levels in a metal complex. Firstly one must determine 
which orbital overlaps are, and are not, possible because 
of the inherent symmetry requirements of the problem.
This method is most easily applied in octahedral 
complexes, which we shall now consider.

In complexes of metals of the first transition 
series the molecular orbitals most commonly used in 
bonding with ligands are the 4s, 4p end 3d orbitals. 
Assuming that each ligand of the six in an octahoural; 
system possesses one (f orbital, the-se must be combined 
into six "symmetry" orbitals, each constructed so as to 
"overlap" with a particular one of the six orbitals in 
the metal which are available for 6  - bonding. If, in 
addition, the ligands also possess 'tT jrbitals these too 
must be combined so as to overlap effectively with the 
metal ion dT orbitals.

For complexes without dT overlap the six 6 
symmetry orbitals are the (s), Eg (dz2> y2)> Pnd
Tlu(px, Py and p z) orbitals. />Xg represents a single 
orbital which has the full symmetry of the molecular 
system, Eg represents a pair of orbitals which are 
equivalent except for their orientations in space. The 
final step is to allow each metal orbital to overlap with 
the appropriate symmetry orbital of the ligand system.
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Two combinations are to be considered: one in which
the matched orbitals unite with maximum positive overlap, 
thus giving a bonding molecular orbital and the other 
in which they unite with maximum negative overlap to 
give the corresponding antibonding molecular orbital.
The molecular orbitals of the same symmetry class which 
differ only in orientation have the same energies, 
whereas orbitals of different symmetry classes do not.
The energy level diagram for purely cf bonded 
octahedral complexes is shown in Pig 1(a),

Generally speaking, in diagrams of this type, 
it may be assumed that if a molecular orbital is much 
nearer in energy to one of the atomic orbitals used to 
construct it than the other, it has much more the 
character of the first than the second. On this basis, 
therefore, the six bonding molecular orbitals, namely 
three T1U, the I 1g and two Eg have more ligand character 
then they have metal character. It can then be said 
that electrons occupying these orbitals will be mainly 
"ligand electrons " rather th^n "metal electrons", though a. 
they will possess significant metal ion character. 
Conversely electrons occupying any of the Tgg orbitals 
are to be considered as predominantly metal electrons.
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If the ligands possess Tf orbitals, filled
or unfilled, it is necessary to consider their
interactions with the T^gdorbitals, i.e. dxy, dyz, end
dzx orbitals. The effects of TT bonding through
orbitals of symmetry T^g must now be considered. These
effects will vary defending on the energy of the
orbitals of the ligand relative to the energy of the
Tgg orbitals of the metal end the extent to which the
1T orbitpls of the ligand are filled.

Where there are empty Tf orbitals of higher
energy than the T^g system of the metal, the result is
to stabilize (i.e. lower the energy) the metal Tgg
orbitals relative to the E^* orbitals, acquiring some
ligand character in the process. Where there are
orbitals of lover energy than the Tgg orbitals of the
metal, the interaction raises the energy of the Tgg
orbitals relative to the E * system.g

Thus in metal carbonyl bonding there is
competitive interaction between the antibonding (tC*)

/ b \and bonding (tT ) orbitals of the carbonyl ligand ^nd 
further the degree to which the metal Tgg orbitals assume 
ligand character is a function of the extent of the

jj(interaction between the TT ligand and Tgg molecular 
orbitals'.
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Pig. 1(b) shows the energy diagram which has

been calculated for the complex Cr(CO)^(3). The pure
TT moleculrr orbitals erj composed of the d , d andxy xz
d metal orbitals and the T0 combinations of Tf ̂  yz 2g
and 17 * ligand molecular orbitals. The combining 
orbitals in order of decreasing stability is alwaysTT 
(ligand), dTT (metal), and IT' (ligand). Thus there are 
formed three (degenerate) Tf molecular orbitals mainly 
localized on the carbonyls; three weakly bonding (or 
non-bonding) TT  molecular orbitals formed by overlap of 
the Tf* and T^g orbitals mainly localized on the metal; 
ana three strongly antibonding molecular orbitals mainly 
localized on the carbonyls.

The transition from consideration of a purely 
octahedral all - carbonyl system to structures of the type 
(LL*1*) Fe2 (CO)g which have been the main consideration 
of Chapter 2 is quantitatively very difficult and at this 
stage no full energy diagram can be drawn for these 
systems. The main symmetry class(C2v) is now much lower 
but the basic principles developed in the preceeding 
dicussion will hold good. Both iron atoms in these complexes

oare in an S d state and hence the six orbitals of TFgg 
symmetry,although not necessarily degenerate con contain 
all twelve d electrons. If we then consider the primary
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ionization process to take place*by removal of one 
electron from the highest occupied molecular orbital 
then the synergic nature of TT bonding between theTT*
orbitals of the carbonyl ligands and the metal T2g 
orbitals will be disrupted. This idea has been 
substantiated in the octahedral Cr(CO)_ system (4) end 
very recently has shown to be valid in non ootahadrel 
systems containing phosphorus and carbonyl ligands (5).

The stability of the parent ion formed, therefore, 
will be dependent on ho* successfully the metal Tgg orbitals 
can stabilize themselves. It is likely, however, that 
the already weakly bonding Tgg orbital system will 
become partially antibonding and cause destabilization of 
the metal-carbonyl molecular orbital system. This is 
presumably the reason why carbonyl ligands are eliminated 
preferentially in the electron impact induced dissociation 
in these systems.

It can, therefore, be seen that successive
elimination of carbon monoxide from the cul^r ion will
be followed by rearrangement of energy levels within the
molecular orbital system in order that maximum orbital
overlap 0f all ligands and the metal ion cfi-cur, i.e. the
system will change shape. The nature of these processes
will obviously be dependent upon the bonding

a
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characteristics of iA and L with the metal ion, and 
hence the stabilities of the fragment ions formed 
during these successive eliminations will be dependent 
upon the nature of L end L1 end the energy of the 
ionizing electrons.

It has been shovm that the d' donor abilities 
of ? series of ligands have e marked effect on the 
ionization potential of the metal carbonyl or nitrosyl 
complexes derived from them (5) and in consideration 
together with thi theory postulated rbove it seemed likely 
that a variation in the nature of L and iA would produce 
recognisable changes in the abundances of the ions 
derived from successive elimination of carbon monoxide 
from the parent ion.

It was, therefore, decided to study the mass 
spectral decomposition of the various substituted 
complexes of o - semidenes, benzalanilines and phenyl 
hydra zones ,*hich were of the type (LL1) Peg(CO)g , more 
closely. Structural diagrams of these complexes are 
shown opposite. It will be noted that only in the 
o - semidene case is the complex of true Cgv symmetry 
(L = iA) and the only TT bonds which are present in the 
complex are those of the metal carbonyl systems. ^11 
other bonding takes place through cf orbitals. In
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benzelaniline, however, an intrinsic part of the ligand 
bonding is the participation of the "fT system of the 
benzene ring and in the phenyl hydrazone com-olexes 
although the majority of bonding with L and L̂ * occurs by 
<f bonding through the nitrogen atoms it is possible that 
some interaction takes place between the -TT or *TT* orbitals 
of the sp^ hybridised nitrogen.

It has already been stated that the complexes of 
the type (LL ) Fe^CO)^ lose the metal carSonyl groups in 
a consecutive manner upon electron impact. Whe+ became 
immediately obvious when a large number of spectra of a 
particular structural type had been studied was the fact 
that the abunaancies of the parent ion and those ions 
corresponding to the successive elimination of carbon 
monoxide demonstrated a remarkable similarity to one another 
yet differed from the ion abundancies encountered in the 
fragmentation of other structural types. Thus complexes 
derived from substituted benzalanilines showed features 
similar to one another yet differed from those complexes 
derived from substituted o - semidenes and phenylhydrazones.

It was found, for example, that if the section
56of the mass spectrum from the parent ion ( Fe monoisotopic) 

down to the (P - 6C0)+ ion was considered apart from the 
rest of the spectrum, and if abundancies of these ions



(e ) were expressed in t^rms of nercent^ge total v m'
ionization within the section ( £  s ) then graphs of 
* n A Bm against the number of carbonyl groups lost
(m) gave a ,ffingerprint11 of the particular ligand type.

Table 1 shows a comparison of ’V*" values at 
70eV for the parent end fragment ions(m) for ten related

benzalaniline complexes. Mean values have also been
calculated and standard deviations found as shown in 
Table 2.

Table 1

®m/5 8m X 1C)2 m  £- m

Gomnlex
j

p+ «l<JP’-COf (P-2COjf' (P-3C0)+ (P-4£Xf
i

frsoof (E*-6C0j*

1. R1=CgH4 ,R j=H, 
R3=C6ri5 .

3 .7 0 .5 1 1 .2 6 .9 1 1 .5 2 3 .0 4 4 .0

a. R-,=CfiH„ ,Ro=H> 
E3=C6 ^

3 .6 0 .5 1 1 .2 7 .0 1 1 .5 2 2 .8 4 3 .1

3. Rn=CqH4 fR^=CHg 
0 6 5

3 .8
j1

0 .7 1 5 .2 6. 8 1 2 .5 2 5 .7 4 1 .2

4* E r=£MSC6H3 ’ R2=iJ 
3 6 5*

1
3 .7 0 .7 1 6 .1 6 .6 1 0 .7 2 4 .4 4 2 .0

5. R=C6H4 ,R ^ H  
R3=C6H4 ^ li!0

3 .9 0 .7 1 0 .1 9 .6 0 1 0 .6 24 .8 4 0 .0 .

6. R =oCl C H , 

r 3=h »e 3=^6h5
3 .5 (L5) 1 4 .7 (1 .3 ) 1 4 .2 2 4 .3 3 9 .2

7. Ri=C6*4*R^=h 
R2=C6H5*

3 .8 (L 4 ) 1 5 .0 4 .9 1 1 .0 2 0 .0 4 3 .5

8* ri=c6h4 ,k2=c6h5 
5 6 5 ‘

O-o) 0 .2 0 7 .4 5 .7 | 9 .1
i

2 4 .3 (5 2 .9 )!
^  R1=C H S, 

R2=H’ R3=C6H5 '

3 .4 (2*5) 1 4 .2 4 .6 | 8 .4 2 7 .1 3 9 .7

V G6H4>R2=H ’R*=Me
&L8
ii

) 0 . 80 1 3 .5 ( 3 .2 ) 1 0 .5 2 7 .4 3 9 .8
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Table 2
(a) iiea-n valuesof '*/»*f for complexes 1— >10

m U<3 m  A
p+ 3.5 + 0.9
(p ” C0) + 0.9 + 0.6
(P - 2C0) + 12.8 + 2.7
(p - 3C0) + 5.7 + 1.7
(p - 4C0) + 10.9 + 1.6
(p - 5C0) + 24.4 + 2.2
(p - 6C0) + 42.4 + 4.19

(b) H e m  values of 'V*1' for complexes 1— » 5

m Mean A
p+ 3.7 ± 0.04
(P - C0) + 0.6 ± 0.1
(P - 2C0) + 12.8 ± 2-6
(P - 3C0) + 7.4 ± 0.4
(P - 4C0) + 11.3 ± 0.7
CP - 5C0) + 24.1 ± 1.2
(P - 6G0) + 42.1 ± 1.6

In order to make these observations valid, all 
spectra were recorded at an ion source temperature of 
150°C and a constant ^monitor reading. In general, each 
observation of peak height was consistent within + 5$ 
except in the (P - G0)+ ion, which is of very low intensity 
and gave variations as much as + 10$.

It is worthwhile noting that in the compounds
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studied great variation in the nature of R-̂ , Rg and R 
occurs (see XVI Chao. 2) «nd it would, therefore, be 
expected that any substituents which are likely to 
cause a change in the nature of the molecular orbital 
system of the complex would cause a change in the 
abundancies of the ions under consideration as compared 
with the standard benzalsniline complex spectrum. Some 
variation does occur (results in brackets) but it is 
apparent that the general characteristics of the spectra 
do not change. The *V*11 value of parent ions is 
remarkably constant except for Rg = Ph and R^ = Me; 
minima do occur in all cases at the (P - C0) + and 
(P - 3C0) + ions wih an intervening maximum at (P - 2G0)+. 
The remaining three ions increase in intensity to a 
maximum at (P - 6C0)+.

It is useful to view the problem also in terms 
of those substituents which are least likely to affect 
the metal - ligand orbital system by inductive and 
mesomeric effects, therefore complexes 1 - 5  were 
selected. Complex 6 was omitted as it had been 
observed that multiple losses of carbon monoxide could 
occur in the dissociation process which was reflected in 
the abnormally low minimum of the (P - 3C0) + ion. 
Calculations on the standard deviations from the mean
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values showed remarkably good agreement as in Table 2. 
Figure U also sho^s the graphical comparison of the 
''standard1' Comdex (R^ = ^6^4’ = H, Rg = Ph) with the
mean of 1 - 5 and with the mean values from 1 - 10*

Figures B and C show the results obtained for 
these complexes at 20 eV and 12 eV respectively. The 
immediate effect of lowering the electron voltage to 
12 eV is to increase the value of the (P - 2C0) + 
ion which becomes the base peak of the spectrum. It can 
easily be seen that elimination of two carbon monoxide 
grouos is energetically a very favourable orocess. This 
is ''mirrored'' in the behaviour of all benzalaniline tyne 
Comdexes.

That the stabilities of the ions corresponding 
to consecutive elimination of carbon monoxide from 
(LL1) Fe^ (00)5 complexes is a function of the ligand 
type is borne out by the fact that similar experiments 
with complexes derived from substituted o - semidenes and 
phenyl hyarazones gave "/>,f values which were consistent 
within the structural tyre yet differed from one another 
and from thos3 of the benzalaniline complexes.

Figures b, E and F show respectively the 
results obtained from substituted phenylhydrazones, o - 
semidenes, and a corrroarison of these with the results
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from benzelaniline.
It is, therefore, possible to distinguish 

between complexes of these structural types with only 
the limited knowledge of the abundancies of the ions (m), 
s feature which has already proved useful in deciding 
that the compounds 7(R̂ _ = CgP^, Rg = H, R3 = CgHg) and 
8(R1 = C^HgS, Rg = H, R3 = CgH5) belonged to the 
benzalaniline structural type; although these were 
formed by particular rather than the usual reactions,

M  this stage it is not possible to produce any 
further concrete evidence for the theories outlined but 
it is hoped that they will prove the basis for further 
experiments into the energetics of ionization and 
decomposition within these systems.
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Introduction:
The discussion of the mass spectra of 

organometellic compounds in the literature (l) has been 
limited to the pthalocyanins, porphyrins, tf cyclopentadienyl 
complexes,metel carbonyls, binuclear metal complexes end 
metal chelates. 'without any doubt the factor which held 
up the application of mass spectrometry to this field was 
the notorious thermal instability of the compounds 
involved, but with the advent of direct insertion 
techniques (2) this difficulty has largely been overcome. 
Occasionally compounds are found which do not give parent 
ions but these are the exception rather than the rule, and 
it has been found during the course of this work that 
changing the insertion probe material often helps in 
stabilization of the compound. Probes aire normally made 
of '’pyrophilite4' or alumina, the latter material being 
entirely unsuitable for experiments with organometalic 
carbonyl and nit r^syl compound s. It has been found, however, 
that the use of quartz probes improves the thermal 
stability of most iron chronium, manganese and nickel 
carbonyl complexes.

Thermal decomposition can also be minimized by 
correct choice of ion chamber temperatures as raising 
the temperature beyond an optimum volatilization level
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only decreases the ebanclence of the parent ion (3) due 
to an increase in the rate constants of its mass spectral 
decomposition reactions, but also increases the rate of 
thermal decomposition of the complex.

In the following section the mass spectral 
features of a number of cyclopentadienyl jjl- mercaptido,
w.-elkoxo, ^nd dialkylamido derivatives of chromium, 

j
iron and nickel (Pig. 1) will be discussed in terms of 
their cracking patterns and rearrangements. Mechanisms 
will be elucidated by means of labelling techniques. 
discussion

It is convenient to discuss the mass spectral 
characteristics of the compounds in terms of the metal 
atoms involved and variation of the bridging groups.

The mass spectra of several metal nitrosyl 
complexes with b^idgedthiol systems have been reported 
very recently (4). These workers found the metal - 
sulphur ring structure to be the most stable grouping 
with primary loss of nitric oxide occurring in both the 
iron and cobalt series studied. Those complexes which 
contained alkyl mercaptido groups, however, did not
demonstrate complete removal of all nitrosyl groups 
before other fragmentations occurred, as is generally

, . f " ' i ' < ' \ : \ * ■ r ’■ '
observed in metal carbonyl complexes (5). In the case
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of bridging aromatic mercaptide groups, however, no 
competitive fragmentation of metal - nitrosyl and 
mercaptide bonds took Place and, in general, they 
found that the decomposition pattern is more dependent 
on the nature of the side chain of the mercartide unit 
than the metal atom.

It is worthwhile to compare these results with 
those obtained from mercaptide bridged cyclopentadienyl 
chromium nit^osyls.

(a) Cyclopentadienyl ^ - mercaptido,alkoxo and amido 
Complexes of Chromium

Although the nitric oxide group is a 3 electron 
donor believed to bond to the metal atom by first 
donating its odd electron, thus reducing the valency 
state of the metal by one unit (6) and allowing N0+ to 
bond in a manner analogous to carbonyls, the concentration 
of charge density on the metal leads to the form°tion of 
a polar structure M-1-N+1=0, but by analogy with the metal - 
carbonyl bond, stability is achieved by back acceptance of 
charge by the tt * antibonding NO orbitals from the filled 
hybrid orbitals of the metal. Other evidence also 
indicates better -rr accepting properties of nitrosyl 
groups as compared with carbonyls (7).

It has also been shown (8) that the <f - donor 
ability and TT acceptor ability of ligands must be
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considered, together in evaluating their influence
on properties like ionization potentials and vibration
frequencies of complexes in which they participate.
Generally speaking, in metal carbonyls and nitrosyls
(9) increased back donation to the ligand system from
metal causes a stiffening of the metal nitrosyl or
carbonyl bona as is also the case in mixed nitrosyl -
carbonyl systems (8). It was, therefore, expected that
the nature of the w.*ligand in the chromium complexes/
studied should show some influence upon the relative 
stability of the metal - nitrosyl and metal - yj ligand 
bonds.
I. X = Y = SMe

In the mass spectral decomposition of this 
complex (Fig. 2) the first two steps involve stepwise 
loss of nitrosyl groups as had already been experienced 
in metal carbonyl systems. The P+ and (P - Nc)+ at 
m/e 386 *nd m/e 558 respectively are of high abundance 
and hence reflecting the stability of the ligand system, 
although m/e 628 (P - 2N0)+ ion is lower in abundance 
owing to the competing process of simultaneous 
elimination of nitrosyl and methyl groups from m/e 358 
and supported by a metastable ion at m/e 300.5 (10).
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It should be noted, however, that the doubly charged

ion of the same molecular constitution as m/e 328, at 
m/e 164 is of high abundance (25$).

Unlike the bridged nitrosyl complexes discussed 
by Lewis (4), however, the base peak of the spectrum is 
at m/e 298 the (P - 2N0 - 2Me)+ ion, further 
fragmentation taking place from this ion by competitive 
losses of cyclopentadienyl and/or sulphur groups, thus 
evidence can be found in the spectrum for Cr+, Crg+,
Cr^S+ , Cr^S^+ , Cr^Scyp+ , Cr^Sgcyp*, ions.

There are several ions of fairly high abundance, 
however, -which do not fit into this simple ordered 
fragmentation scheme. These are notably the ions 
m/e 264, m/e 252 and m/e 182. Precise mass measurement 
of m/e 264 established its molecular formula as C10H8Gr2S 
and although no metastable is present in the spectrum for 
its formation it was suspected to have origins in 
elimination of hyarogen sulphide from m/e 298, the base 
peak of the spectrum. Such a process requires the 
migration of two hydrogen atoms to sulphur which must 
necessarily be from the cyclopentadienyl rings as no 
other source of hydrogen is available. In order to test 
this theory an isotopically labelled sample of the 
compound I was synthesised (X = Y = SCDg) from the sodium
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salt of trideuteromethyl mercaptan by the method of 
/dimed and Knox (11). The labelled starting material 
used was trideutero methyl bromide (12), the mercaptan 
being mads by an adaption of a previously published 
method (13).

The results of the mpss spectrum proved the 
original -postulate of H^S elimination to be correct as 
the ion m/e 264 remained as such in the spectrum of the 
labelled complex pnd on the basis of this evidence two
possible structures (XI and XII) are postulated for this
ion (see Pig. 3).

Ivl/e 232 was first suspected to be a 
rearrangement ion when closer examination of the ion 
abundancies revealed it to be some 4,2% greater in
intensity than would be expected from isotopic
contributions based on the intensities of the m/e 231 
and m/e 233 ions. No change in the abundances of the 
ions m/e 231, 232 and 233 were recorded in the spectrum 
of the labelled complex and it was therefore concluded 
that m/e 232 was formed by elimination of a cyclo- 
pentadiene molecule from the most abundant ion m/e 298.
The elimination of from metpl cyclooentadienyl
systems is not unknown (14) and as the only hydrogens 
available for transfer are situated on the cyclopentadienyl
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rings, a <?- tT bonding system to the remaining 
cyclopentaaienyl ring is postulated as in XIII (Pig. 3).

The third, and perhaps the most spectacular 
rearrangement, takes place in the formation of the ion 
m/e 132. Mass measurement gave its formula as C-^QH^QCr 
which is attributed to the positively charged ion of 
chromocene, ps further fragmentation supported by 
appropriate metastable transitions, occurs to yield ions 
at m/e 117, 65 and 52 (lo). The formation of this ion 
was initially believed to be a thermal process, but a 
metastable ion at m/e 111.1 proves, in fact, that m/e 182 
is formed by the electron impact dissociation of m/e 298 
with elimination of CrS^. Such a fragmentation involves 
the breaking of one chromium - chromium bond and two 
chromium - sulphur bonds together with the simultaneous 
transfer of a cyclopentadienyl ring. The driving force 
for this reaction is doubly favourable, as not only is 
the chromoaeno ion particularly stable but also 
elimination of a stable neutral is accomplished. It is 
proposed that an ion intermediate such as XIV occurs 
during the rearrangement process.
H . X = Y = SPh.

/s in I the two primary processes of 
fragmentation from the parent ion m/e 512 involve
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elimination of two nitric oxide molecules in stepwise
fashion (Fig. 4). Unlike the c?se of methyl substitution,
however, the base oeak of the spectrum is m/e 482 the 

+(P - NO ) ion. This is no doubt due to the 
participation of the phenyl groups in indirect bonding 
to the motel atoms through sulphur orbitals. The 
(P - 2N0) + ion is only of moderate abundance (20#j) but is 
the origin of several modes of fragmentation, thus not 
only the ions from simple fragmentations involving 
competitive loss of phenyl, cyclopentadienyl, or sulphur 
groups present in the spectrum but there is evidence that 
a large number of quite unusual rearrangement processes 
are taking place.

+ $;s in (I) ions corresponding to Gr , Crg ,
Cr^S+ , Gr^S^+ , Cr^Scyp+ , CrgSgCypg* 8re ^oun(^
c^n be easily accounted for by simple eliminations 
beginning from the (P - 2N0) + ion. The ions m/e 386,
374, 342, 201 and 182 ^nd ions arising from them, 
however, must be formed by rearrangement and hydrogen 
transfer processes. M/e 386 considered to be formed by 
elimination of a cyclopentaaiene molecule from the 
(P - 2N0)+ ion, and supported by a metastable ion at 
329.5' must involve hydrogen transfer from either of the 
two phenyl rings or the opposite cyclopentadienyl ring.
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In order to facilitate the interpretation of
the spectrum and to discover the sites of hydrogen
transfer an isctonicelly l^b&lled molecule of II
with X = Y = SC^Lc; was synthesised.. (D_) Thicphenol 6 5 5
was prepared from (Dg) bromohenzene (14) by an adaption 
of T^boury’s method (17), and the labelled complex 
synthesised in the normal fashion (11). (See Fig. 5.)

A comparieon of the spectra obtained for the 
labelled and unlabelled compounds is shown in Fig. 4.
This method of labelling is particularly useful in that 
not only can the number of phenyl rings remaining in 
an ion species be seen at a glance, but also hydrogen 
transfers from the phenyl and cyclopentadienyl rings 
can be readily distinguished.

For instance, it can be easily seen that the 
ion m/e 686 in the spectrum of the unlabelled complex 
has now given rise to two ions m/e 396 and 395 in the 
spectrum of the labelled complex. This means that a 
cyclopentadiene molecule can lie eliminated from the 
(P - 2N*) + ion in two possible ways, either by hydrogen 
transfer from the ether cyclopentadienyl ring, or from 
one or other of the two phenyl rings. Isotopic abundance 
measurements show that 72% of the hydrogen is transferred 
from cyclopentadienyl and 28$ from phenyl.
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These figures, of course, do not take any 
account of possible isotope effects or of the fact that 
only the o - hydrogens on phenyl are steric^lly suited 
for transfer, thus giving a maximum of four possible 
origins of hydrogen, whereas all five positions on the 
cyclopentadienyl ^ing can be regarded as equivalent, 
and therefore must be regarded as a purely qualitative 
picture of the fragmentation process. The actual ion 
rearrangements themselves can be visualized as forming a 
Gr - benzene bond and a cyclopentadienyl - Gr bond 
respectively in the vacated sites. The structures 
proposed for the two f o m s  of m/e 386 are shown in 
Fig. 6.

The ions m/e 375 and 374 of the unlabelled 
complex correspond to the elimination of a phenyl 
radical and a benzene molecule respectively from the 
(P - 2N0)+ ion, the latter process necessitating I
hydrogen transfer to a phenyl ring during fragmentation. 
It can be readily observed from the spectrum of the 
labelled complex that the hydrogen migration occurs 
entirely from one or other of the cyclopentadienyl 
rings as the deuterium content is unaffected by benzene 
elimination ^nd stabilisation of the ion occurring by
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formation of a sulphur to cyclopentadiene bond as shown 
in Fig. 6.

Similarly, the ions m/e 342 and m/e 233 are 
formed by elimination of SH from m/e 375 ^nd m/e 266 
respectively, the hyarogen originating entirely from a 
cyclopentadienyl ring accompanied by 6 ~  bond formation 
to chromium.

/ complete flow diagram of the fragmentation 
processes of the complex can be seen in Fig. 7.
IT. B. Ions in brackets represent the corresponding ions 
from the labelled complex.
Ill- X = 0Ht Y = Slvle.

This compound was originally studied as an 
unknown formed in the same reaction as the methyl 
mercaptide complex (l)« Mass measurement of the parent 
ion m/e 358 gave its formula as C-^H-j^OSNgCrg and from 
the cracking pattern its structure was deduced to have 
an hydroxyl and an SMe bridge. This was further 
verified by equilibrating a solution of the complex in 
tetrehydrofurftn with a potassium carhonate^DgO solution. 
96%, exchange of the hydroxyl hydrogen took place, as 
shown by mass spectrometry, and not only did this verify 
the presence of an hydroxyl bridge/but also gave a great
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deal of help in elucidating the structures of a number 
of rearrangement ions.

The parent ion of the complex which is of 
fairly high abundance (13$), as in all the bridged 
nitrosyls, gives two stenwise eliminations of nitric 
oxide to yield the ion m/e 298 (See Pig. 8). 
Fragmentation then takes pl^ce either by loss of a 
methyl r^dic^l to yield the base peak in the spectrum, 
m/e 283. It should be noted here in comparison that 
the base reek of the spectrum of (i) was the 
(P - 2N0 - 2Me) + ion, a reflexion on the extra ion 
stability gained on fission of the sulnhur - methyl 
bond.

/fter this point in the fragmentation process, 
all fissions involve the same kind of rearrangement 
process, and it is in this respect that deuterium 
proves really useful. For example, the formation of 
m/e 250, by elimination of methyl mercaptan from m/e 298 
necessarily involves hydrogen transfer from a 
cyclonentadienyl ring as retention of deuterium occurs 
in the ccrr'esoonding ion of the labelled complex.

Similarly the elimination of a cyclonentadiene 
molecule from m/e 283 involves participation of the 
other cyclopentadienyl ring in hydrogen transfer with
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the concomitant form?tion of a carbon - chromium 
6 - bond as has already been discussed in II and III.
In fact it can bj said that, apart from the formation 
of m/e 152 where deuterium was found to be 
transferred from the hydroxyl bridge to the multiply 
bonded cyclopentadienyl ring in its elimination, the 
tendency for the hydroxyl bridge to remain as such is 
very great.

Last, but not least, it should be noted that 
the b^se neak of the spectrum m/e 283 eliminates a.
CrSOH fragment to form the exceptionally stable 
chrornocene ion. This is consistent with the behaviour 
of I and II vi/here the precursor of the rearrangement 
is the ion m/e 298 and the fragment eliminated CrSQV
A full diag^amatic representation of the mass spectral
decomposition is shown in Fig. 9.
IV and V. X = Y = Pile, X = Y = c m ).

It is useful to discuss the spectra of
both these compounds under the same heading of oxygen 
bridging.

The immediate observation which one can m°ke 
about the effect of oxygen bridging is on the stability 
of the molecular ion (Fig. 10). In both complexes the 
barfent ion is of very low abundance ( <3$) which is no
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doubt due to the weaker bond which must be formed 
between chromium end oxygen, because of the poor rT - 
acceptor properties of the latter. This is also 
reflected in the chemistry of these compounds as the 
elkyloxo - bridges appear to be capable of easy 
displacement by merceptide anion (18).

Elimination of one nitrosyl group, however, 
stabilizes the ion to a large extent due to the 
greater availability of metal orbitals for bonding to 
oxygen. A second elimination of nitrosyl results in 
a stable ion of even greater abundance (IV = 86$,
V = 60$) and in this case reflects a stability greater 
then the (P - 2N0)+ ion of II.

There exists, however, a mode of 
fragmentation from the P+ and (P - N0)+ ions in IV, 
however, which has no precedent in either I, II or III 
nor in the spectrum of published bridged nitrosyl 
complexes^). This involves the elimination of 16 mass 
units in the formation of the ions m/e 540 and m/e 310. 
Precise mass measurement of these ions showed, in fact, 
that this corresponds to loss of a methane molecule in 
each case which can only arise by. fission of the 
sulphur methyl bond together with transference of
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hydrogen from one of the cyclopentadienyl rings, once 
more demonstrating the extraordinary driving force 
towards formation of a cf - fT bonded cyclopentadienyl 
system. It is difficult to find a reason why this 
should happen specifically in this molecule, but it 
may be that such an elimination tends to increase the 
stability of the oxygen bridge system by allowing 
better TT acceptance through the cyclopentadienyl ring. 
This process, of course, does not occur from the 
(P - £N0)+ ion where a greater stability has been 
assumed.

The nature of fragmentation of both IV and 
V from the (P - 2N0)+ ion is summarized in Pig. 11. The 
chromccene ion, which in the case of alkoxo bridging, is 
always the base peak of the spectrum, is formed directly 
from the (P - <3N0) ion by elimination of a neutral 
Cr(OR)^ fragment. This feature amply demonstrates the 
fact that substituted oxygen "bridges tend to retain the 
alkyl group during the formation of chromocene. This is 
to be compared with the yLi-mercaptido complexes I and II 
where alkyl *nd aryl substituents on sulphur were 
eliminated and the intermediate case of the mixed 
hydroxo mercaptido bridged comple* III where the methyl
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substituent on sulphur was lost and the hydroxyl 
retained before chromocene formation.

Two other fragmentation routes are possible 
from the ( P - 2N0)+ ion. The first process involves 
hydrogen transfer to chromium from the allcoxo group 
during its elimination, and has precedent in neither 
I, II or III, nor in the spectra of other published 
bridged nitroso complexes (4). Elimination of the alkyl 
group from this ion thus produces m/e 251 an ion common 
to the spectra of both IV and V. By the reverse 
process m/e 251 can be formed by preliminary 
elimination of the alkyl group from the (P - 2N0)'f ion 
folio-wed by elimination and hydrogen rearrangement.

The ions m/e 134 and m/e 185, which «re 
common to both spectra and which it should be remembered 
are decomposition products of III, are given the 
structures depicted in Pig. 11 on an analogy with their 
known constitution in the spectrum of III.

A table of precise mass measurements made on 
these compounds to distinguish the various different 
possible contitutions of the ions is shown in Table 1.
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Table!

m/e Measured Mass Formula

04:0 339.96038 CllH12N2°4Cl’2
326 325.99372 C12H16N03CI-8
310 309.96248 CllH12N03Cr2
296 395.99538 C12H16°2Cr2
266 265.98504 C H OCr 11 14 2
185 184.91480 °5H5°Gr2
134 133.99204

■

CcH_OCr 5 6

It is worthwhile to mention here that the 
elucidation of the decomposition pathway of IV made it 
possible to determine the structure of V. Compound V 
was obtained as an unknown compound from a reaction 
between cyclopentadienyl chromium dinitrosyl chloride 
and excess lithium diphenylemide, whilst attempting to 
introduce a diphenyl amide ligand on to chromium. The 
reaction, however, was performed in diethyl ether which 
no doubt reacted vith the phenyl lithium present to 
produce ethoxyl radicals and hence the bridged complex V. 
V. X = Y = NMQg.

Neither nitrogen nor oxygen possesses d 
orbitals for b^ck donation from the metal atom but
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nitrogen is known to be a better donor, and in this 
sense, is intermediate in type between sulphur and 
oxygen. The effect of this on the nature of the mass 
spectral decorrroosition of VI is quite striking.

The major route of fragmentation stems, in 
fnct, from the (P - N0)+ ion (See Figs. 12 and 13) and 
not as has been the case previously from the (P - 2NO)+ 
ion. In addition, the parent ion and the (P - N0)+ both 
eliminate fragments of mass 16 which precise mQss 
measurement has identified as methane.

It will be recollected that IV also 
demonstrated hydrogen rearrangement and elimination of 
methane which was considered as formation of a bond 
between oxygen ana the cyclopentadienyl rings. Although 
no labelling studies have been made on VI, however, it is 
more likely that the hydrogen transferred originates 
from the gem - dimethyl forming a four membered 
transition state as shown in Fig. 14^.

As has been noted in the mass spectra of 
other complexes with dimethyl amido ligands (19), there 
exists a force to eliminate 43 mass units, i.e.
the dimethyl amido group minus one hydrogen as opposed 
to the entire ligand. This is undoubtedly due to the
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stabilization introduced by the "make and break" 
process of hydrogen transfer and ligand elimination, 
as well as the elimination of a stable imine.

Thus the (P - 2N0) + ion of VI demonstrates 
the successive elimination of two imine nuclei to 
form the ions m/e 279 and m/e 236, whilst the (P - N0)+ 
ion shows the concomitant elimination of two imine 
groups as a mass loss of 86 in the formation of 
m/e 266, as shown in Pig. 14B. This double elimination, 
which has been noted previously in Chapter 2 p. 63 
is supported by a metastable ion at m/e 201.0 and by 
the appropriate mass measurements.

/Ithough the formation of the chrosiocene 
ion has been demonstrated to occur in all previously 
mentioned compounds of this group, in all cases 
evidence could be found only for one decomposition 
route for its formation. The mass spectrum of VI, 
however, is somewhat of an enigma in that there are 
three actual routes followed.

The first and main route occurs from m/e 266 
by elimination of a fragment of constitution CrHgNO 
and supported by a metastahle ion at m/e 124.5, whilst 
the other two .routes which are very similar to that 
observed in the previous complexes involve the
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elimination of CrH , and Gr from m/e 2Z$ and m/e 234O
respectively.

Within the remainder of the spectram 
several ions occur which do not have precedent: 
namely, m/e 200, m/e 169 and m/e 95 and for which the 
structures in Fig. 14 are proposed. The latter ion, 
which precise mess measurement has shown to be of 
formula CgHgNCr originates by dispornortionetion of 
(P - 2N0 - 2H)+ and in this respect is unparallelled in 
any known fragmentation for the bridged chromium 
comnlexes.

The origins of the other two ions are 
obscure, as no metasteble ions can be found for their 
formation but it is likely that m/e 200 at least is 
fbrfaed directly or indirectly from m/e 266, by 
elimination of cypCr - H.

It should be noted that the spectra of both 
isomeric forms of this complex with cis and trans 
nitrosyl groups were examined and no observable 
difference could be found in either the nature of 
the cracking pattern or the intensities of individual 
ions. It is likely, however, that as primary fission 
occurs in a chromium nitrosyl bond, any steric 
differences present in the parent ion are lost and
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hence the (P - N0)+ ion of both isomers can be considered 
as identical species.

Table 2

m/e Experimental Mass Formula

366 366.02354 C13H1 8 W r2
336 336.02552 C13H18N30Cr2
279 279.01006 C12HlVNCr2
266 265.969633 C10H12W0Cr2
200 199.92563 C5H6N0Cr2
169 168.91989 C5H5Cr2

In Conclusion
In can now be seen in the overall picture of 

fragmentation in the p. bridged chromium complexes studied 
that the effect of the bridging atom is particularly 
noticeable in the relative strengths of the ligand - metal 
and metal - nitrosyl bonds. Where a large amount of back 
donation can occur, as in the 6ulphur bridged complexes, 
fragmentation takes place preferentially in the metal 
nitrosyl bonds followed by fission of the sulphur - 
alkyl or aryl and/or metal cyclopentadienyl bonds. Lack
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of back donation to the bridging heteroatom, however, 
produces « relative strengthening of the metal - 
nitrosyl bond; less apparent in oxygen which shows a 
small amount of competitive fission of the metal - 
nitrosyl and oxygen - alkyl bonds in addition to a 
ready secondary fission of the metal - oxygen bond, but 
readily observable in nitrogen where the ion current 
carried by fragments ions containing a nitrosyl group 
is greater than 7%cfthe total ionization current.

The effect of Lhe bridging group is very 
noticeable also in decomposition to the chromocene ion. 
In both nitrogen and oxygen bridged structures, the 
m/e 182 ion is the base peak of the spectrum, whilst in 
the methyl mercaptiae bridge it amounts to only 35% the 
abundance of the largest ion and the mixed y  alkoxo 
mercantido complex being intermediate with an ion of 
40%. /* collective diagram of the routes of formation
is showr in Fig. 15.

(b) Cyclopentadienyl mercaptide complexes of iron.
The compounds to be discussed in this section, 

namely VII and VIII, are isoeleo^ronic with the 
corresponding bridged nitrosyl chromium complexes but 
differ in the fact that there is no metal - metal bond.



RE
LA

TI
VE

 
A

B
U

N
D

A
N

C
E

1’’* rr#

186100

121
50- 209 241

176

144

50 100 200 250

100

321
336

306

392
288

364

300 350 400



'----- m/e 241

m/ e 36 4

- C O

%/ — MeS
Me

m/e 288>
FeFe

t
m/ e 3 36 Me

m/e 2 2 3-  Me

Me - S

Fe

< & < / > •
I

m/e 321 Me

♦  I -  Me

m/e 255*

m/e 2 5 6

- M e— Me

♦
m/e 241

FeF«-  S

m/r 209
Fe



- 119 -

VII. X = Y = SUe. (Fig. 16)

At first sight the mechanisms of fragmentation 
of VII anneer to be very similpr to those of I. Not 
only do primpry fragmentations occur by fission of the 
metel cerbonyl bonds, but also simple eliminptions of 
methyl pnd cyclopentadienyl groups occur as in I.
However,on closer expminetion, several additional routes 
appear possible *nd mass measurements have shown that 
several ions have constitutions at variance with what 
might be proposed on this simple fragmentation 
mechanism (Fig. IV),

For example, m/e 288 is formed by elimination 
of MeSH from the (P - 2C0)+ ion and is supported by a 
metastable transition at m/e 246.8. Such an elimination 
necessarily involves hydrogen transfer from a 
cyclopentadienyl ring to form a <f - 17 bonded system to 
iron, which has many precedents in the spectra of the 
bridged chromium complexes and which is further supported 
by elimination of MeS and a cyclopentadienyl ring to 
give the ions m/e 241 and m/e 176. The latter ion, it 
may be noted, was originally thought to be FegSg, but a 
precise mass measurement end observation of a metastable
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ion at m/e 128.5 for its formation from m/e 241 
established its identity snd position in the above 
fragmentation (Fig. 17).

Additionally, elimination of a cyclopentadiene 
molecule occurs from the ions m/e 336, 321 and 306, the 
hydrogen transfer process being assumed to occur by the same 
mechanism re has been 'oostuleted in the chromium bridged 
complexes. It may be said here that all attempts to 
prepare the complex VII from CD^SH by a similar method to 
that used in the preparation of the labelled complex of I 
failed to give the correct product and therefore verification 
of the mechanisms could not be made. The reason that this 
elimination is much more facile and occurs in a greater 
number of ions than in the corresponding chromium complex 
could be due to the absence of a metal - met^l bond, 
and hence greater flexibility of the ring system.

Finally, the base peak of the spectrum m/e 186, 
which is attributed to the positively charged ion of 
ferrocene as it decomposes further to m/e 121 by 
elimination of a cyclopentadienyl radical (15), is thought 
to be of thermal origin as no metastable ions can be found 
for its formation. This is consistent with the known 
chemistry of bridged iron carbonyl compounds and their use
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in the preparation of ferrooenes (20).
VIII. X = Y = SPh.

The thermal stability of this compound in 
the mass spectrometer is very small and it was found 
th8t a suitable spectrum could only be obtained when a 
quartz insertion probe was used. Even so, there are a 
large number of ions which can have thermal origin 
only. These are notably m/e 218 diphenyl disulphide 
and its related fragments m/e 141 and m/e 109; m/e 129 
C^HgSg; m/e 174 C-qH^qS; end m/e 186 the ferrocene ion.

It was noted, however, that electron impact 
dissociation did occur in such a way as to make it 
necessary that some labelling experiments be carried 
out. Thus the complex VIII with X = Y = SC^D,- wasO D
synthesised by a method similar to that of the labelled 
complex of II.

The results of this labelling experiment are 
very interesting in that the (P - 2C0)+ ion, which 
originates by stepwise elimination of carbon monoxide 
from the parent ion, fragments with loss of 
cyclopentadiene to give an ion which has shown no 
deuterium tr*nsf3r to the neutral fragment. Thus, 
unlike the corresponding chromium complex II, all the
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hydrogen transferred originates from a cyclopentadienyl 
ring.

It can also be seen from Pig. 18 that no
fragmentation of the sulphur phenyl bond ^ccurs at any
time and that C-HcS fragments are preferentially o o
eliminated. It is also worthwhile mentioning that the 
stability of the Fe^S^ is not a driving force in the 
fragmentation process, and that the greater number of 
ions contain metal cyclopentadienyl bonds. In this 
respect, both VII and VIII are to be compared with the 
corresponding complexes in the chromium series already 
discussed.

(a) Cyclopentadienyl jj.. mercaptide Complexes of Nickel.
Unlike the complexes of chromium and iron 

already discussed, the mass spectra of IX and X are not 
of special interest.

It is worthwhile, however, to compare both 
complexes with their isoelectronic analogues in the 
chromium and iron series studied.

preliminary fragmentation in both IX and X 
takes place by fission of the sulphur - alkyl bond and 
successive elimination of two methyl or ethyl groups are 
observed in the appropriate complexes. X, however, in a 
similar manner to the a ethyl mercaptido complexes studied
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by Lewis (4) sho^s elimination with transfer of hydrogen 
to the metal atom except that in this case the sulohur 
atom is eliminated also, i.e. loss of (CH2)2S from the 
(P - Me)+ ion.

/.Iso unlike the chromium - sulnhur ring 
system of complexes I rnd II the nickel - sulphur 
ring system is unstable, and the driving force seems 
to be towards the formation of the ion m/e 246 CypgNig

Finally, only in a single fragmentation 
process is elimination of a C^Hg unit observed, that 
being from the (P - MeS)+ ion of IX to form the ion 
m/e 227.

/. summary of the fragmentation processes 
observed from IX and X is shown in Fig. 19.
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Experimental

/II mass spectra were run at a resolution of 
anproxiifletely 1000, on an /.E.I. M.S. 9 mass 
spectrometer, at a source temperature of 150°C »nd using 
a direct insertion nrobe technique. Precise mass 
measurements ^ere performed at a resolution of 10,000.

Reactions were carried out in an atmosphere of 
''oxygen free1' nitrogen, further purified and dried by 
passing through Fieser’s solution and concentrated 
sulphuric acid.

/II reactions were performed in dried solvents 
and the products chromatographed on neutral alumina.
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Preparation of DgBromobenzene (16)

/> solution of mercuric oxybromide in 500 ml. 
water, nrepared from bromine (53g., 0.66 mole) and 
mercuric oxide (160g., 0.55 mole) by the method of 
Houben (21) was shaken for 16 hours with Dg benzene 
(8g., 0.09 mole). The lower layer was separated and 
dissolved in ether, and the resulting solution shaken 
with sodium carbonate solution to remove mercuric 
oxybromide. The solution was dried and distilled under 
vacuum to give Bromobenzene (10.39g., 60$).
Isotopic Purity as determined by low voltage mass 
spectrometry 93$ D^.
Preparation of D5 Thiophenol

Magnesium (l.8g., 0.04 mole) and a crystal of 
iodine were heated in a 500 ml. flask fitted with a 
condenser, dropping funnel and a gas inlet. The flask 
was then cooled, flushed out with dry nitrogen and 
15 ml. sodium dried ether and bromobenzene 
(l0.2g. , 0.06 mole) added. Vi/hen the reaction was 
initiated an additional 40 ml. ether wes added and the 
flask cooled in an ice b?th to avoid too vigorous 
reaction. When the reaction had subsided, the solution 
was gently refluxed for a further 30 minutes until the
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magnesium had been totally dispersed and the solution 
assumed a dark brown colouration. The solution was 
then filtered into an ice cooled flask fitted with a 
condenser and pulverised sulphur (1.7g., 0.05 moles) 
added in small portions. The reaction was completed by 
gently refluxing for 30 minutes and the cooled solution 
hydrolysed by a mixture of 100 ml. 5$ sulphuric acid 
and 25g. ice.

The ether solution was then dried and 
distillation gave D5 Thiophenol b.p. 168° (3.5g., 50$). 
Isotopic purity as determined by low voltage mass 
spectrometry 91$ D^.
Preparation of Di - yu - (D5)phenylthio - bis (cyclo- 
pentadienylnitros.yl chromium).

Lp. Thiophenol (1.1 ml. 0.01 mole) in 
tetrahydrofuran (10 ml.) suspended in THP (10 ml.).
/fter the reaction had subsided, cyclopentadienyl 
chromium dinitrosyl chloride (2.12g., 9.01 mole) in 
THP (100 ml.) was added. The colour of cyclopentadienyl 
chromium dinitrosyl chloride changed from greenish - 
yellow to brown - red, and the reaction mixture was 
filtered after stirring for 5 minutes. The solvent was 
evaporated, the residue dissolved in chloroform and 
chromatographed on neutral alumina.
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On developing the column with petrol - 
ether (5:1), three bonds separated. The upper two 
bands were the two isomers of di - p_ - phenylthio - 
bis (cyclopentadienylnitrosyl - chromium) and mass 
spectrometry samples of each were prepared by • 
crystallisation from methylene chloride and petrol 
yield (532 mg., 20,3$).
Preparation of Di -- p. - phenylthio - bis ( cyclo- 
nentedienyl carbonyl iron).

Thiophenol (0.46g., 0.004 mole) was converted 
into its sodium salt in THE (10 ml.) using 50$ sodium 
hydride dispersion (0.2g., 0.005 mole). Cyclopentadienyl 
iron dicarbonyl bromide (1.03g. , 0.004 mole) in-THF 
(10 ml.) was added dropwise and the mixture stirred for 
13 hours at room temperature. Evaporation of the solvent 
and heating the residue in refluxing benzene solution for 
6 hours yielded di - jx - Dg phenylthio - bis (cyclo
pentadienyl - carbonyl iron). (0.7g„, 80$). Mass 
spectrometry samples were prepared by reorystallisation 
from petrol - ether solution.
Preparation of D^ methyl mercartan.

/, mixture of D3 methyl bromide (4 ml., 0.06 mole) 
and thiourea (4.5g., 0.075 mole) in 10 ml. water were
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heated in a o^essurebottle under g nitrogen atmosphere 
for 10 hours at 60°C. The bottle was cooled in solid 
carbon dioxide and the bottle opened. The thawed 
solution was then transferred to a three necked flask 
fitted with a nitrogen inlet, dropping funnel, condenser 
with a take off to a drying tube containing CeSO^ and 
and thence to a liquid nitrogen cold trap.

Hydrolysis of the thiouronium bromide was 
effected by arorwise addition of 1M NaOH and heating 
the hydrolysed solution drove the liberated mercaptan 
into the cold trap. The cold trap was stoppered and 
removed from the apparatus, and allowed to warm up 
slowly. The evolved gas was allowed to bubble through 
a stirred suspension of sodium hydride in THF and the 
D-3 methyl mercartan was thus isolated as the sodium salt. 
Preparation of di - D.g methylthio - bis (cyclo- 
pentadienyl nitrosyl chromium)

Cyclopentadienyl chromium dinitrosyl chloride 
(0.4g., 0.006 mole) in THF (50 ml.) was added to a 
stirred suspension of half the quantity of sodium 
mercartide salt isolated as above, and the reaction 
stirred for 5 minutes. The solution was filtered and 
evaporated under vacuum and the residue chromatographed 
on neutral alumina. Purple crystals of di - »» - 3^
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methylthio bis (cyclopentadienyl nitrosyl chromium)
(70 mg., 19$) were obtained by recryst^llisation from 
methylene chloride and petrol.

Preparation of yw-deuteroxo - methylthio - bis (cycld- 
pentadienyl nitrosyl chromium.

1 mg of the mixed complex III was 
dissolved in 5 ml. dry THF, and stirred for 24 hours 
with a solution of potassium carbonate (10 mg.) in 
5 ml. 99.7$ DgO. Separation and evaporation of the THF 
solution yielded a 90$ isotopically pure sample of /x 
deuteroxo - ̂  methylthio - bis (cyclopentadienylnitrosyl 
chromium).
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C H A P T E R  4

Studies of Rearrangement Ions in Organic Compounds



R "/ j  X CN

GO R' = R" = COOEt

(b) R'=COOEt, R"=COMe

(c) R1 = COOC(CH3) 3 , R"=COMe

(d) R'= R11 = COMe

C6) R'=CN, R"=COOMe 

Cf) R '= C N ,R H=COOEt
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The luPss Spectra of Soma Polyfunctional Cyclopropane 
berivatives.

Mess Spectrometric studies of /Z keto - esters 
(1 - 3), diethyl melonates (4), end cyanoacetetes (5) 
have recently been made. Skeletal rearrangement fragment 
ions have been observed in these compounds and in addition 
occur in unsaturated estera (l), /̂  difcetones (6)
and in other groups of compounds containing carbonyl 
functions (7 - 10). The imoortance of such fragments in 
the mass spectre of simple compounds is not only of 
impo^t^nce in the understanding of fragmentation modes, but 
is also of obvious relevence in the constmdiio.n: of element 
maps (11) for automatic structural analysis.

In order to investigate the possibility that 
similar rearrangements might occur in other related systems,

a study of the compounds l(a - f) was undertaken. Tables 
of normalized spectra of these compounds are included at 
the rear of this chanter and Table 1 shows the precise 
mass measurements made to determine the nature of the 
fragmentation routes.
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Table 1
Precise Mass Measurement of ions in the spectra of 
Cyclopropane derivatives

m/e Observed Mass Formula Theoretical
184 184. 06042 C H ^NO 8 10 4 184.06092
167 167.05372 c 713c n o3 167.05377
166 166.05071 C H NCI8 8 3 166.05041
138 138.01894 C H NO 6 4 3 138.01911
111 111.03202 C H NO 5 5 2 111.03202
93 93.02132 G H NO 5 o 93.02146
66 66.03442 C H N 4 4 66.03437

154* 154,05000 C7H3a°3 154.05041
154 154.06279 C H 0 8 10 3 154.06298
153 153.04268 C7H7N03 153.04258
141 141.05481 C7H9°3 141.05516
136 136.03965 G7H6N02 136.03985
111 /.s observea in (a)
113 113* 02386 G5H5°3 113,02386

(d)
136 /s observed in (b)



Scheme A
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•m/e Observed Mass Formula Theoretical
124 124.05204 W 8 124.05240
111 111.04480 C6H7°2 111.04460
109* 109.05252 C H 'jo 6 7 109.05276
109 109.02854 C6H5° 109.02895
94 94.02906 C H NO 5 4 94.02920

123 123.03213 C H O N  6 5 2 123.03202
105 105.04478 °6H5N8 105.04520
80 80.01363 C H NO 4 2 80.01363
64 64.01841 C H N 4 2 64.01872

137 157.03558 c ah _n qo _6 5 2 2 137.03509
136 136.02734 C H N 0 6 4 2 2 136.02721
119 119.02491 0 H N 0 6 3 2 119.02453
118 118.01645 C H N 0 6 2 2 118.01671
91 91.02981 5 3 2 91.02962

* Signifies the ion of greater abundance in the 
doublet.

In the spectra of lb and Id, loss of ketsne 
from the molecular ion to form enolic fragment ions by 
the transfer of hydrogen from methyl by Scheme A is a 
major nrocess as is the case in ethyl acetoacetate (7)



Scheme B

CN

(a) R = COOEt 
(b} R = COMe
(c) R = CN

- C 2 H 3

m/e 136

CN CN
m/e 90

CN

OH

k
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and .acetyl acetone (6), whereas in Ic, the abundance of 
the corresponding ion I's { 2% of the base peak. This is 
no doubt due to the fact that greater stabilization in 
Ic is attained by removal of a methyl group from the 
tertiary butyl centre to form an oxonium ion.

Elimination of 27 mass units occurs from the
parent ion of 1(a), (b), (d), (e) and (f), but only in 
those cases where there is no carboxyethyl group as in 
(d) and (e) does this correspond to the elimination
of hydrogen cyanide. In all the other cases
elimination of with concomitant double hydrogen
transfer to form an ion of structure h occurs, as per 
scheme B. Loss of water from h then follows in each 
case - a feature common to most esters greater than 
methyl. l(f), however, in addition to these 
decomposition processes demonstrates elimination of a 
hydrogen etom from h followed by elimination of water.
The driving force for this mode of decomposition is 
regarded as being the formation of the highly conjugated 
di - cyano cyclobutenone system J which further 
decomposes by abstraction of carbon monoxide.

1(a) behaves in a like manner to diethyl
malonate but differs in that loss of C H can also occur

2 3
from the ion i to form k, which it is postulated may have



Scheme C
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a non-classical oxonium ion structure. It is possible 
that the greater rigidity of the ring system permits 
such an ion form to exist, whereas in the corresponding 
aliphatic compound greater flexibility is allowed.

It was expected that the**- cyano esters 
1(e) and 1(f) would show alkyl migrations similar to 
those observed in methyl and ethyl cyanoacetate (?)• 
However, high resolution mass measurements have shown 
that onl^ in 1(e) is there an ion corresponding to 
(P - HCO ) + as car scheme C. No such migration occurs 
in (f).

/. rearrangement process, however, which had 
not been anticipated occurs in 1(b), 1(c) and l(d).
/*11 hpve acetyl groups A  to cyano substituents and with 
no exceptions show removal of a fragment of 40 mass units 
from either the parent ion or a fragment ion, or both 
(as in 1(b)). This corresponds to a formula CgH^N which 
is either CH CN or CH = C = NH. Either way, it involves 
hydrogen transfer from the methyl group of the acetyl 
residue with possibly simultaneous formation of a 
cyclobutencne system 1 as in Scheme C.

There is no doubt that the active group is the 
acetyl substituent as not only does the process not occur 
for substituents other than acetyl,' but also evidence is



Scheme D

0

0
CN

NHm/e 92

f i ) +  •'
,CN CHCN

m/e 150

CN ,CN^  CN CN
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present in the spectre that fragmentation of the other 
substituents occurs., normally after the elimination 
and transfer have taken place. Thus in 1(b) removal of

H N between m/e 181 and m/e 141 is closely followed by 2 2
loss of C.H from the ethyl group of the ester.2 4

Two further rearrangement mechanisms which take 
place only from the molecular ion of 1(e) are worthy of 
mention. The first involves fragmentation with loss of 
COOCH in the formation of m/e 92, and therefore involves 
hydrogen transfer from the methyl of the ester group.
This is visualized as in Scheme D.

Additionally rearrangement can occur in the 
opposite manner by elimination of methanol from the 
parent ion. This is not a common rearrangement process 

in methyl esters and it is postulated that re
arrangement occurs as in Scheme D, with formation of a 
highly conjugated dicyano cyclobutenone system. The 
origin of this ion is to be compared vith the formation 
of— •Jdhcmn .B, in the decomposition of the other 
dicyano substituted compound l(f).
Conclusions.

The mass spectra of the polyfunctional cyclo
propane systems studied show features similar to related 
aliphatic species. Expected rearrangement ions involving
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alkyl migrations, present in the spectra of related 
cyanoesters occur only in the methyl ester of the 
cyclopropane compounds vyhich are dicyano substituted,
due to the more energetically favourable formation of a 
highly conjugated dicyano - cyclobutenone system.

In addition, however, rearrangement ions are 
observed in the cyclopropane systems with cyano groups 
6 to acetyl substituents where hydrogen transfer and 
rearrangement are observed with elimination of GgHgN.
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Experimental

All mass spectra were obtained on an A.E.I. 
MS9 double - focusing mass spectrometer at an ionizing 
voltage of 7OeV . Samples were admitted through the 
hot inlet system at a temperature of 120°C and a 
source temperature of 150°C. Mass measurements were 
performed at a resolution of 10,000 on the 10$ valley 
definition. Tables of mass spectra are shown overleaf.

The author would like to acknowledge the 
provision of samples by Drs. S.O. Lawesson and 
P. Madsen of the University of Aarhus, Denmark.



Mass Spectrum of 1(a).

M/e $Abund. M/e $Abund. M/e $Abund.
29 100.0 93 30.2 153 2.6
30 2 .2 9b 13.6 155 11.2

38 8.2 95 b.O 156 2.9
39 17.0 99 3.5 165 1.5
bo 2.5 100 0.9 166 50.5
b l 2.3 109 1 .6 167 6.0
b2 3 .0 110 2.5 181+ 30.1
b3 63.2 111 22.1+ 185 3.1
M+ 6.0 112 5.2 211 7A(P)

5.3 113 2.5 212 l . b
6b 5.2 120 b .2

65 15.5 121 b .2

66 3 2 .b 122 2.0

67 b .2 127 2.1+
68 b .9 128 1.2
69 1^.3 135 1.1+
70 b.O 136 7.0
82 2.7 137 11.2

83 23.1 138 28.1

6b 6.0 139 l+.O
85 1.2 ibo 5.0
92 0.5 I b l 3.2

$ A bund.



M/e
^3
Mf
b5

50
51
52
53
9+

55
56
57
58
66

67
68
69
70
79
80
81

82

83

Mass Spectrum of 1(b).

$Abund. M/e $Abund.
100.0 8^ *+•5

13.0 91 ^•5
1+.0 93 1+2.8

2.0 9^ 1+2.9

3.0 95 3.5
6.0 97 2.0

6.0 107 3.0
l+.O 108 2.0

l+.O 109 9.6
1 .1 •110 2.0

1*0 111 23.5
3.5 113 11.5
3 5 to 120 3.0
5.0 122 2.0

3.0 126 ^•5
3.0 135 10.0

1.5 136 53.0
3.0 137 7.0
2 .0 138 li+.o
If.o 139 8.0

l+.O ik o 1.0

lb .0 I b l 16.0

#Abund. M/e #Abund.

2.0
2.0

21.0
6.1+
8.0
1.5 
6.0
2.5 
1,0
1.0(P).

M/e
m-2
152
153
19+

166

167
181

182
183
209



Mass Spectrum of 1(c).

M/e $Abund. M/e $Abund. M/e $Abund. M/e $Abund.
^3 100.0
55 1+6.2
56 91+.0
57 97.0
66 99.0
67 17.0
9*+ 99.0
95 10.0
96 1.0
97 2.0
109 76.0
110 10.0
111 3.9
136 37.0
137 3.5
153 2.0
15^ 1^.5
19b 1+.2
195 1.0
209 l.OjP)



Mass Spectrum of 1(d) ♦

M/e $Abund. M/e #Abund. M/e $Abund« M/e
**■3 100.0
Mf 15.0
58 10.5
(h 5.0
65 »».5
66 W.5
6 7 W.o
9*f 13.3

109 28.2
110 2.9
111 3.5
12»f 6.2
136 35.0
137 3.0
151 23.2(
152 2.0

$Abund*



M/e
27
28
29
30
31
37
38
39
U-o
b2

**3

50

51
52
53
5^
55
57
58
59
62

Mass Spectrum of 1(e).

ibund. M/e $Abund. M/e $Abund.
10.5 63 17.0 121 b.O

35.3 6if 36.2 123 10.2
16.8 65 l*f.l 12 -̂ 1.7
5.0 66 20.0 1^9 11. 0
6.5 78 3.9 150 53.0<P).
22.0 79 9.0 151 5.0
20.:4- 80 2 7 .b

15.5 81 1.8
65.0 89 2.6
16.2 90 11.2
lb .0 91 57.3
6.3 92 27.2
2.3 93 9.9

13.8 9^ 16.0
37.5 95 2.3
7.0 10? 6.0
7.9 106 0.2
17.2 107 3.6
2.0 108 3.9
6.0 118 53.0

100.0 119 51.2
7 .5 120 6.1

$Abund.



Mass Spectrum of 1(f)

Ve #Abund. M/e #Abund.
36 1.0 62 3.1
37 9.0 63 8.5
38 10.? 61+ 19.0
39 8.0 65 16.9
bo 33.0 66 7.0
b l 16.9 67 b .5

b2 3.5 68 10.0
10.5 69 2.0
9.5 70 1.0

b5 8.2 71 1.5
1+9 1.0 77 1.5
50 1.5 7 8 1.5
51 6.0 79 2.1
52 23.0 80 11.5
53 17.9 81 16.0
5b 10.9 82 1.5
55 5.0 83 1.5
56 3.0 89 2.0
57 3.0 90 b .5

58 1.5 91 33.0
59 21.0 92 20.0
60 1.5 93 5.5

M/e #Abund. M/e #Abund.
9^ 2.0
95 1.0
105 1.5
106 1.5
107 2.0
108 6.5
109 10.0
ill 1.5
112 1.0
118 26.0
119 37.0
120 7.5
121 2.5
123 3.0
121+ L.O
136 60.0
137 18.5
138 2.0
161+ 2.5(P)
165 1.0
166 1.5
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