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acid production (evidence for internal return). Com-
plete racemization was observed. Our experiments
showed that remaining activity, if any, was less than
2.29, in buffered acetolysis and 2.3%, in buffered hy-
drolysis. The racemization indicates that the re-
action proceeds through a symmetrical trishomocyclo-
propenyl cation (42), rapidly interconverting unsym-
metrical cations (48 and 44), or the occurrence of the
1,3-hydride shift from C; to C;. The properly poly-
deuterated material 45 was prepared, and its acetolysis
ruled out the 1,3-hydride shift.

Our findings so far obtained are not direct evidence
for the existence of the trishomocyclopropenyl ion, but
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it is possible to accommodate all the results simply and
economically by the formulation of the nonclassical
structure. Most theories and concepts of chemistry
are still built empirically by the accumulation of ex-
perimental evidence.
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The impact of mass spectrometry in inorganic sys-
tems is just becoming apparent. The time lag be-
tween the surge of interest in the use of this technique
in organic chemistry and in inorganic chemistry does
not reflect the relative importance of this field in the
two divisions of chemistry but more the difficulties of
handling metal-containing compounds in conventional
instruments. However, in our opinion, the effect of
using metal complexes on the lifetime of the sources has
been overemphasized in the past, and the obvious po-
tential in this field of study is now beginning to be
realized.

There are three main fields of interest in the study of
inorganic systems, namely (see Figure 1): (i) the deter-
mination of molecular weights and, from isotopic pat-
terns, with many systems, the detail composition of the
molecule; (ii) the relationships between fragmentation
pattern and structure; (iii) the determination of ap-
pearance and ionization potentials and the relative
bond energies of similar molecules.

We have been mainly concerned with groups i and ii,
although we are now involved with a study of some
systems of class iii.

It is perhaps important to premise any discussion of
the results obtained by emphasizing some of the main
dangers that may be encountered in mass spectroscopic
studies of inorganic systems. (a) In the determination
of molecular weight data, it is assumed that the highest
mass peak observed is the parent ion peak. In general
this is true, but occasionally with electron-impact
studies the parent peak is not observed; in these in-
stances it is often possible to deduce the molecular
weight from a detailed examination of the remainder
of the spectrum (see discussion of hydrido metal
carbonyl compounds). Alternatively, the spectrum
may be determined using a field emission source, which
will often give the parent ion peak. (b) The probe
temperature may rise as high as 300°, a temperature at
which many inorganic compounds thermally decom-
pose or polymerize (see, for example, manganese car-
bony! sulfide systems).? Experiments carried out with
chromium carbonyl indicate that the metal produced
in decomposition of the carbonyl catalytically de-

(1) K, Edgar, B. F. G. Johnson, J. Lewis, and J. M. Wilson,
J. Chem. Soc., Sect. A, 379 (1967).
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molecular weight. Furthermore, since most metallic
elements are polyisotopic, recourse to an accurate mass
measurement in the identification of ions is often un-
necessary. Consider, for example, the ion m/e 224
which oceurs in the spectrum of Fex(CO)y. Due to the
presence of the three isotopes of iron, this may be
clearly identified as [Fe:(CO)4]*t and not [Fe(CO)gl*
from a consideration of the isotope peaks associated
with this ion (see Figure 2). These facilities offer
great practical utility in the identification of metal
hydride compounds since one of the major difficulties
encountered with compounds of this type is the deter-
mination of the number of hydrogen atoms present
per molecule. This has been clearly demonstrated

Figure 1. Application of mass spectrometry to organometallic systems.
Fe Fe,
T l 1 L T T T T ' T T
50 60 100 He] 120
M/e
Figure 2. Tsotope patterns for [Fe] ©and [Fe,] *.

composes subsequent samples, at a lower temperature.
(¢) If the compound being studied contains a volatile
impurity this will be liberated first and may be the only
spectrum observed.

It is therefore of importance with respect to possi-
bilities a—c to run spectra of complexes under a variety
of conditions and operating temperatures and ensure
reproducibility of the spectra.

Perhaps one of the most important points to em-
phasize is that, in mass spectrometry, we are investigat-
ing the properties of ionized species in which the rela-
tive abundances of the species observed may be mainly
kinetically controlled, and it is dangerous to draw too
many conclusions concerning the thermodynamic
properties of the un-ionized parent molecule. Thus,
although in most carbonyl compounds ready loss of
carbon monoxide occurs, this does not necessarily
indicate that carbon monoxide is weakly bonded in the
neutral molecule.

A restriction that applies to mass spectrometric
studies is that the compound under investigation must
have an appreciable vapor pressure below 300°. This
generally limits the study to covalent compounds,
although occasionally ionic compounds have been
studied, e.g., Cs[Y(CF,COCH,COCF;),].2 This ac-
count summarizes some of our applications of mass
spectrometry to (1) transition-metal hydride com-
pounds; (2) bridging and terminal metal carbonyl
halides; (3) detection of metal-metal bonds; and (4)
polynuclear metal carbonyls.

Metal Hydrides

As stated above, mass spectrometry offers the tre-
mendous advantage of accurate determination of

(2) 8. 7. Lippard, J. Am. Chem. Soc., 88, 4300 (1966).

\Vith Hgi\'lﬂg(CO)lz and H3R63<00)12.3'4 We were
interested in investigating (i) the feasibility of obtaining
accurate molecular weight data for compounds of this
type and (ii) any relationships between fragmentation
pattern and structure, with particular reference to
any which would allow a differentiation between
terminal and bridging hydrido ligands.

To date, few transition-metal hydrides have been
studied by mass spectrometric techniques. Wilkinson
and his coworkers® have used mass spectral data as a
method of detecting the presence of hydrogen in the
ruthenium carbonyl hydride, a-HRu4(CO);z, but were
only able to detect two of the four hydrogens in the
complex. James, et al.,’ established the presence of
the hydrogen ligand in the molecule (C;H;).Zr(H)BH,
from mass spectral measurements. The mass spectrum
of HMn(CO)s" has been reported in some detail, and
very recently the spectra of the polynuclear compounds
HRea(CO)M,s H:\IDRGQ(CO)M,S HFBCOa(CO)m,g and
HRuCos(CO)12® have been discussed.

We were concerned with investigating the general
utility of this method. For this reason we have ex-
amined a range of well-characterized hydrido com-
pounds. These include both mononuclear and poly-

(3) B. F. G. Johnson, R. D. Johnston, J. Lewis, and B. H. Robin-~
son, J. Organometal. Chem. (Amsterdam) 10, 105 (1967), references
therein.

(4) J. M. Smith, W. Fellman, and L. H. Jones, Inorg. Chem., 4,
1361 (1965); H. D. Kaesz, W. Fellman, G. R. Wilkes, and L. F. Dahl,
J. Am. Chem. Soc., 87, 2753 (1965).

(5) J. W, 8. Jamieson, J. V. Kingston, and G. Wilkinson, Chem.
Commaun., 569 (1966).

(6) B.D. James, R. K. Nanda, and M. G. H. Wallbridge, tbid., 849
(1966).

(7y W. F. Edgell and W, M, Risen, Jr., J. Am. Chem. Soc., 88,
5451 (1966).

(8) W, Fellman and H. D. Xaesz, Inorg. Nucl. Chem. Lelters, 2,
63 (1966). -

(@ M. J. Mays and R. N. F. Simpson, Chem. Commun., 1024
(1967).
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nuclear derivatives and were of various types ranging
from the acidic carbonyl hydrides, e.g., HMn(CO)s,
HRe(CO);, and HCo(CO)s, to the basic cyclopenta~
dienyl hydrides, e.g., (CsHs):ReH and (Cs;H;)eWHo.
We will discuss the mononuclear and polynuclear
compounds separately.

Mononuclear Hydrides. With all the mononuclear
hydrides, parent molecular ions were observed, confirm-
ing their formulation in all cases. The simplest spectra
were observed with the carbonyl compounds HMn(CO)j,
HRe(CO)s, and HCo(CO), (Figure 3). The spectrum
of HMn(CO); has been reported previously by Edgell
and Risen”” Their spectrum differed from ours in
that they observed no metastable peaks; however, by
analogy with other carbonyl systems, they suggested
that competitive loss of hydrogen and carbon monoxide
groups was taking place. In our spectrum metastable
peaks were observed, and we were able to confirm
the suggested mechanism (Scheme I). The spectra

Scheme I

[HMn(CO)] * 193 [HMn(COY] + —22 [MnH] *

(stepwise)
T~ l_H
i

[Mn(CO)] * —2C5 [Mn] +

(stepwise)

of HRe(CO); and HCo(CO), were similar except that
no metastable peaks were observed. In a comparison
of the manganese and rhenium compounds, the ratio
of hydrogen-containing metal ions to the total ion
abundance has been determined. The value of 489,
with HMn(CO)s increases to 609, with HRe(CO)s,
and it is tempting to equate these figures with a more
stable metal-hydrogen bond with the rhenium com-
pound; however, as mentioned above, it must be
realized that these figures may merely reflect the rate
at which the fragmentation takes place.

With the weakly acidic cyclopentadienyl compounds
HMo(CO)s(C:H;) and HW(CO)3(CsH;), consecutive
loss of CO and H radicals is again observed, to give
ultimately the ion [M(C;H;:)]t. Fission of this ion
then occurs to give [MC,H,]* (x = 1-5; y =2). Again,
a comparison of the hydrogen-containing metal ions
was made. In this case the figures obtained were
similar, being 709, with HMo(CO)3(C;Hs) and 759,
with HW(CO):(C;H;). King!® has reported that in
the spectrum of (C;H;)eCro(CO)s two of the most
intense peaks correspond to the ions [CiHzCr(CO)s]+
and [C;H;Cr(CO);H]*. The mechanism by which
the hydrido ion was produced was unknown. We
examined the spectra of the molybdenum and tungsten
analogs, therefore, to investigate whether or not this
is & genera] phenomenon with compounds of this type.
In both cases the ion [(C;Hs)M (CO);H]+ was observed
in very small amounts, as were the ions [(Cs;Hs) M-
(CO)H]* (n = 0-2). In the absence of metastable
peaks it is not possible to decide the mechanism by

(10) R. B. King, J. Am. Chem, Soc., 88, 2075 (1966).

Mass SpecTRA OF SOME ORGANOMETALLIC MOLECULES 247

HCO(C°)4
v
¥
3
3 \
[-9
p
n
&
o L] L) L L) s|o Al L] T -Io'o' L L) L] ls'ol L T '260
M/e
’ﬂ.
HMD(CO);
.
g
S
°
&
-
¥
<
A
T
&
©o 5 100 150 200
M/e
HRe(COl,
[
g
O
2
3
<
T ™7 s "
150 200 250 300 350
M/e

Figure 3. Mass spectra of HMn(CO);, HRe(CO)s, and HCo-
(CO).

which this hydrogen transfer takes place. In the iron
derivative (CyH;):Fe:(CO)s no hydrido ions were
observed.

In the spectra of the more basic compounds (CsHj)s-
ReH and (C;H;);WH,, parent ions were observed in
high abundance. This has been previously noted by
Fischer and his coworkers!! with (CsH;);TcH. The

(11) E. O. Fischer and R. Schmidt, Angew. Chem., 6, 93 (1967).



248 J. LEwis anp B. F. G. Jounson

ion (p — 1)* also occurs in high abundance, and it is
reasonable to assume that these compounds fragment
with the stepwise loss of hydrogen atoms before fission
of the cyclopentadienyl ring system occurs. In the
spectra of all the cyclopentadienyl compounds ex-
amined, ions of the type [C;H,M]*+ (x = 1-3) were
observed in fairly high abundance.

The hydridoplatinum compounds trans-Pt(H)(X)-
(P(C:Hj)s)s have been well characterized. The mass
spectra of these derivatives depend upon X. In all
cases parent ions are observed, but where X = CNO or
Clnoion (p — 1)*is observed, and the next ion in the
fragmentation process corresponds to (p — HX)™.

[HPH(X)(P(CaHi) )] + — [PHE)(P(CoHo)s)s] + —>

(X = Bror CN) [Pt(P(CaHi)s)o]

[HP4(X)(P(CsHa) )] + —> [PH(P(CsHs)s)] +

(X = Clor CNO)

This may be, of course, a purely kinetic effect.

Polynuclear Hydrides. Structural details on neutral
polynuclear hydrides are very limited. To date only
three crystal structures are known, wviz., HMnRe,-
(CO)14,12 l\IOz(CO)dP(CHg)z}(H)(05H5)2,13 and B2H7-
Mn;(CO)qo'4 (Figures 4-6). The mass spectra of HRe;-
(CO)ys and HMnRe,(CO)y4 have been reported pre-
viously.!s

In the mass spectra of H;Mns(CO)p!® and HiRes-
(CO)Y" (Figure 7) the parent molecular ion [H;M;-
(CO)y2]* is observed, confirming their formulation as
trimeric hydrides. Furthermore, the isotopic pattern
observed for the rhenium compound (p*) is consistent
with the presence of three rhenium atoms per molecule
(Figure 8). With the manganese compound the parent
ion is observed in only low abundance (~29%) and
appears to be temperature dependent, the relative
abundance decreasing as the temperature is raised.
However, the related ions [H;Mny(CO)4]* and [H;Mn;-
(CO)]* oceur in appreciable amounts (18 and 909,
respectively), allowing a ready confirmation of the
presence of three hydrogens. Monomeric ions {HMn-
(COY]* and [Mn(CO)]* are also present, although
few dimeric ions were observed. In contrast, with
H;Re;(CO)1p the parent ion occurs in high abundance
(829,), as do other trimeric ions [H,Re;(CO),]*
(m = 0-3, n = 0-12); dimeric and monomeric ions
are not observed in significant amounts. The stability

(12) M. R. Churchill and R. Brau, Inorg. Chem., 6, 2086 (1967).

(13) R. Doedens and L, F. Dahl, J. Am. Chem. Soc., 87, 2576
(1965).

(14) H. D. Kaesz, W, Fellman, G. R. Wilkes, and L. F. Dahl,
ibid., 87, 2753 (1965).

(15) J. M, Smith, K, Mehner, and H. D. Kaesz, ibid., 89, 1759
(1967).

(168) W. Fellman, D. K. Huggins, and H. D. Kaesz, Proceedings
of the VIIIth International Conference on Coordination Chemistry,
Vienna, 1964; E. O. Fischer and R. Altmann, J. Organometal. Chem.
(Amsterdamy), 10, 1 (1967); B. F. G, Johnson, R. D. Johnston, J.
Lewis, and B. H. Robinson, 7bid., 10, 105 (1967).

(17) D. X, Huggins, W. Fellman, J. M. Smith, and H. D, Kaesz,
J. Am. Cherr. Soc., 86,4841 (1964).

Vol. 1

OC—>Re H

Figure 4. Structure of HMnRes(CO)ss.

Cp,Mo,(CO),(PMe,IH

CH,
(o] CQJ
OC\\M /P\MQ
Pl B~
® N \Co
%

Figure 5. Structure of HMo,(CO)4[P(CHj).] (CsHs)a.

B,H,Mn, (CO)o

C
(o] /h?n
C\
oc O C

Figure 6. Structure of ByH:Mn;(CO ).

of the Re; cluster follows the trend established for
related systems (see below). Monomeric ions with
more than four carbonyl groups per metal were not
observed in either case. This observation is consistent
with a cyclic structure involving four terminal CO
groups per metal atom,

The structure of the borohydride compound H;B,-
Mn;(CO)ye has been determined by Dahl and his co-
workers!® (Figure 6). Here again the parent molec-
ular ion was observed. Stepwise loss of ten carbonyl
groups then occurs, giving the ions [H;B.Mns(CO),, ]+
(m =1-10). Itisimportant to note that loss of H atoms
does not take place until the removal of several CO
groups. The first loss of hydrogen is observed from the
ion [HyB:Mn;(CO)s]* when the ion [H;B:Mn3(CO)e]*is
observed. This behavior is noted for the series of
ions [H:B:Mn3(CO),,]* and [H;B:Mn;(CO), ]+ (m =
1-6). At low m/e values the patterns become more
complex due to the overlap of several hydrido species
such as [H,B:Mn;(CO)]+ (x = 0-7). Also, since
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Figure 7. Mass spectrum of HsMn;(CO)is.
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Figure 8. Isotope patterns for [Re] ¥, [Res] ¥, and [Re;] ™.

manganese is monoisotopic, it is difficult to differentiate
between mononuclear, dinuclear, and trinuclear ions
without resorting to accurate mass measurement,
Thus the ions [HMn(CO):]* = [Mns]*, etc., would
oceur at the same m/e values,

Recently, we have prepared the hydrido compounds
a- and B-HM,(CO)yz and HoM,(CO)s (M = Ru or
Os) from the reaction of acid on the anions produced by
the action of base on the carbonyl M;(CO)sp.51819
The structures of the carbonyl hydrides are unknown;
however, they are isoelectronic with Rh,(CO)i and
Ir,(CO)y, respectively, and it is reasonable to assume
that these structures will be based on a tetrahedral
arrangement of four metal atoms. No bridging CO
bands or metal-hydrogen bands are observed in the
infrared spectra of the HdM4(CO);; compounds, and on
this bagsis it is believed that they have a pseudo-Ir.-
(CO)y; structure with four bridging hydrido ligands
(Figure 9). In the mass spectra, no parent ion is
observed with H,;Rus(CO)yz in either the « or 8 forms;
indeed, the spectra are similar. However, ions con-
taining at least three hydrido ligands are observed at

(18) B. F. G. Johnson, R. D. Johnston, J. Lewis, and B. H,
Robinson, Chem. Commun., 851 (1966); B. F. G. Johnson, R. D.
Johnston, J. Lewis, B. H. Robinson, and G. Wilkinson, J. Chem. Soc.,
Sect, A, in press.

(19) B. F. G. Johnson, P. W. Kilty, and J. Lewis, Chem. Commun,,
180 (1968).
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Figure 9a. Possible structure of H;Ruy(CO ).

lower m/e values. With H,0s:(CO);, the parent ion is
observed in reasonable abundance. No loss of H
from H0s4(CO)1; is observed until four carbonyl
groups have been lost. With H;Rus(CO)y; and H,Os.-
(CO)13 parent ions are observed in both cases. Here
again no loss of H radical is observed until several
carbonyl groups have been removed.

Our attempts to determine the mass spectra of the
bridged hydrides HMn,(CO)sP(CsH;):? and HFe,-
(CO)2(C5H;),P(CeH;)2?* were not successful, and only
the fragment ions of the phosphine (C¢H;),PH was
recorded.

Kaesz and his coworkers'® have measured the mass
spectra of HRe;(CO)is and HMnRe;(CO)y. The
structure of HMnRey(CO)ys has been determined, and
it is believed to involve a Re-H-Re bridging system
(Figure 4). In the spectrum of HRes(CO)y4 stepwise
loss of 14 CO groups is observed; however, no loss of
hydrogen is observed except from the ions [HRes-
(CO):]*, [HRes(CO)]*, and [HRe;]*. The spectrum
of HMnRe,(CO)y4 is similar. Very recently, the mass
spectra of HFeCo3(CO)1;, and HRuCoz;(CO);; have
been briefly mentioned;!® no loss of hydrogen from the
parent ion is observed in either case. Thus, on the
basis of our work and that of other workers the follow-
ing points emerge: (1) with one exception, viz., a-
and -M,Rus(CO);, parent molecular ions are observed
in all cases allowing a convenient and accurate deter-
mination of the number of hydrogens present per mole-
cule of compound; (2) compounds containing ter-
minally bonded hydrogens may be differentiated from
those containing bridging ligands by examination of
their respective fragmentation patterns which are simi-
lar to those observed with terminal and bridging halide
systems,

Bridging and Terminal Metal Carbonyl Halides

As part of our initial studies in mass spectrometry,
we examined the spectra of a series of metal carbonyl
halide derivatives. The compounds examined fall

1into two main classes, véz. (i) those containing terminal

bonded halogens, e.g., the mononuclear carbonyl
halides of manganese and rhenium, M(C0);X (M =

(20) M. L. H, Green and J. T. Moelwyn-Hughes, Z. Naturforsch.,
17b, 783 (1962). L

(21) J. T. Thomas, J. H. Robertson, and E. G. Cox, Acta Cryst.,
11, 599 (1958). -
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Mass spectra of My(CO)sX, compounds.

Vol. 1



August 1968

Mn or Re; X = Cl, Br, or I), and of iron and ruthenium,
cis-M'(CO) X, (M’ = Fe or Ru; X = Cl, Br, or I)
(Figure 10), and (i) those containing bridging halogens,
e.g., the dimeric compounds M,(CO)sX: (M = Mn or
Re; X = Cl, Br, or I) and Rhy(CO) X, (X = Cl, Br, or
I) (Figure 11). This problem of differentiation of
bridging and terminal ligands is often encountered in
this area of chemistry. For these carbonyl halide
compounds parent molecular ions were observed in all
cases, but the fragmentation patterns of the two classes
of compound were substantially different. With
the mononuclear complexes loss.of CO or X radicals
oceurs with equal ease, and the spectra are character-
ized by the appearance of ions of the types [M(CO),1,
[M(CO0), X1+, or [M(CO),X,]t, e.g., Scheme II,

Scheme I1
[M(COYX] *+ 252 [M(C0)X] + s [MX] +
’ ° < * (stepwise)

- -X

(M = Mn or Re)
-5C0
[M(CO)a] i (stepwise)
Loss of halogen from the intermediate ions [M(CO),X]+
(n = 0-4) to give [M(CO),]* may also occur at any
stage of the fragmentation process (Scheme III;
Figure 10).

[M]*

Scheme III
-CO —-3C0O

[M’(CO)Xs] ¥ =———> [M/(CO)Xe] @m M’X,]*

= -X -x

—4C0 ,

[M/(CO)X] +(—s_t:5me>) [M’X]+

-X -X

MO * o (M) *
(stepwise)

These decomposition paths are confirmed by the ap-
pearance of the appropriate metastable peaks.

On the other hand, with the dinuclear bridged systems
carbonyl groups are lost in a stepwise fashion with the
retention of the MyX, nucleus (Figure 11). No loss
of halogen is observed until the breakdown of this
nucleus occurs, e.g.

[M3(CO).Xy] * (st—'ezg%; [MiXi] * —3- [M:X] * ete.
Thus, compounds containing terminal halogeno ligands
may be readily differentiated from those containing
bridging halogens by an examination of their respective
fragmentation patterns. The related compounds
(CH;);PMn(CO).Cl, C:H;Mo(CO);X, and C;H;W-
(CO);X behave similarly.

Metal-Metal Bonds

Two distinet types of compound containing metal-
metal bonds are known, viz., those in which the metal
atoms are joined together without bridging groups
and those in which metal-metal bonding occurs in
conjunction with bridging groups. For the first group
of compounds many examples occur in the metal
carbonyl series, and it is convenient to discuss this
aspect of the structure in conjunction with other factors
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Figure 12. Mass spectra of M,(NO),X; compounds.

related to the fragmentation of metal earbonyl deriva-
tives later.

In this latter group there exist a number of organo-
metallic complexes of neighboring transition metals
containing bridging ligand groups which differ only
in the necessity of invoking “metal-metal”’ interaction
in one of the complexes to maintain the inert gas con-
figuration of the metal ions, Thus, on the basis of
dipole moment, infrared, and molecular weight data,
iron and cobalt dinitrosyl derivatives M(NO),X (M =
Fe or CO; X = Cl, BI‘, I, SCH3, SCzHa, SC4H9, or
SC¢H;) have dimeric structures involving either halo-
gen or thiol bridges. This structure has been con-
firmed for Roussins’s red salt, Fe;(INO)iSy(C,Hs),, 2
by single-crystal X-ray structure determination. For
the iron complexes it is generally postulated that the
odd electrons on the metal atoms interact directly to
form a “metal-metal” bond. It has been pointed out,
however, that for dinuclear metal complexes with
bridging groups the observed diamagnetism may not
necessarily be attributable to the formation of a definite
metal-metal bond but rather the result of a super ex-
change mechanism operating through the bridging
ligand and the iron-iron distance merely reflects the
geometry of the bridging system. We were, therefore,
particularly interested in studying the manner of the
breakdown of Fey(INO).X, and Co(NO),X:; under
electron impact to see if the fragmentation pattern
reflected the presence of this metal-metal bond.

Nitrosyl Halide Compounds, M,(NO)X;. The spec-
tra of these compounds are relatively simple (Figure 12),
and in all cases the binuclear nature of the compounds
was confirmed. For the iron compounds the most
abundant ions were [Fe;(NO),X.]t (n = 0-4), indi-
cating that the primary fragmentation scheme in-
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volves the successive removal of the nitrosyl groups
before fragmentation of the Fe, X, nucleus takes place.

- NO .
[Fes(NO)X] * s [Fes(NO)JXl * + (3 = m)NO
(n = 0-3)

In marked contrast, for the cobalt complexes the parent
ion pesk intensity is very much lower, the most abun-
dant ions being mononuclear. In this case the pre-
dominant fragmentation scheme involves the cleavage
of the dimeric molecule into the monomeric units
[Co(NO)X ]+ and [Co(NO),X] with subsequent frag-
mentation of the [Co(NO),X]* ion (Scheme IV).

Scheme IV

[CO2(NO>4X2] T e [CO(NO)zX] + 4 [CO(NO)zX]
~NO
stepwise

[CoX]+

The results obtained for the bridged nitrosyl systems
differ from those obtained for the bridged carbonyl
compounds discussed above. *With the carbonyl
compounds complete loss of CO radicals oceurs be-
fore rupture of the MoX, nucleus takes place. Ob-
viously, in systems of this type two possible fragmenta-
tion paths are visualized, viz., loss of the terminal
groups or fission into mononueclear species. From our
studies of nitrosyl carbonyl compounds?? it appears
that CO groups are more readily lost than nitrosyl
groups in the decomposition of ions. This may be
correlated with the fact that removal of a nitric oxide
group requires a three-electron transfer whereas the
removal of 2 carbon monoxide group requires only a
two-electron transfer. The primary step of the pref-
erential cleavage of the metal halide bridge in the
Cox(NO)4X, compounds may, therefore, be correlated
with the higher stability of the metal-nitric oxide unit,
and the increased stability of the Fe,X, nucleus in
Fep(INO)aXy may then be associated with the electron
spin—coupling interaction between the iron atoms which
stabilizes the cluster relative to the loss of nitric oxide.
The significant difference in the primary fragmentation
pattern for cobalt nitrosyl halides, metal carbonyl
halides, and the iron nitrosyl halides may then be re-
Iated to the presence of the ‘“metal-metal” interaction
in the iron complexes,

Consistent with this view, Dahl and his coworkers??
have recently shown that in the compounds (C;Hj)e-
COQ(:P(CGH5>2>2 and (C5H5)2Ni2(P(CsH5)2)2,‘ Wthh bear
this type of relationship to one.another, the “metal-
metal” interaction is sufficient not only to reduce the
metal-metal distance from a nonbonding value of 3.36 Py
in the nickel complex to a bonding value of 2.56 A with
the cobalt complex but also to completely change the
molecular configuration. Obviously this metal-metal
interaction is not weak and must be much larger than

(22) B, F. G, Johnson, J. Lewis, and I. G. Williams, to be published.
23y J. M, Coleman and L. F. Dahl, J. Am. Chem, Soc., 89, 542

(1667).
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the minimum of 2 to 3 keal required for diamagnetism
in systems of this type.

Metal Nitrogyl Thiol Compounds. In all cases the
mass spectra confirm the dimeric nature of the com-
plexes. With these compounds, however, the metal-
sulfur ring structure appears to be the most stable
group ring in the molecule, and the decomposition
pattern is more dependent on the nature of the side
chain of the thiol than on the metal ion.

In the spectrum of Co,(NO)S:{CgH;)e there is a
high abundance of dimeric ions which occur by the
progressive loss of NO groups followed by ejection of
phenyl groups. In addition, however, small amounts of
the monomeric ions [Co(NO)SCsH;]*, [Co(NO)S-
CeH;]t, and [CoSCeH;]t are observed. The corre-
sponding iron derivative does not show this behavior,
there being no mononuclear ions in the spectrum. In
fact, the stability of the Fe,S:(CeHs)y unit is reflected
in the appearance of the doubly charged ion [FesS:-
(CsHs)2]2+. The behavior of these complexes can
therefore be related to the corresponding halide com-
pounds, and this difference in behavor is associated,
in part at least, with the presence of the metal-metal
interaction in the iron complexes.

For the ethyl and butyl nitrosyl complexes the spectra
of the iron and cobalt derivatives are essentially the
same, the predominant dissociation being the con-
secutive loss of NO groups with the preservation of the
M,S; nucleus.

, -NO
[M2INO )8Ry + === [M,S,R,] *

stepwise

Metal Carbonyls

The previous work in this field has been concerned
with the carbonyl compounds of chromium, molyb-
denum, tungsten, iron, nickel, cobalt, and manganese.?*
More recently other studies of rhenium,? cobalt, iron,
and ruthenium carbonyls'® have been reported. In our
studies we have examined the homonuclear carbonyls
of manganese, Mn,(CO)1o; rhenium, Rey(CO)yo; ironm,
Fey(CO)g and Fey(CO)pe; ruthenium, Ruz(CO)ip; os-
mium, Os3(CO)w; cobalt, Co(CO)s and Coi(CO)y;
rhodium, Rhy(CO)y;% and iridium, Ir,(CO)12;2% and the
heteronuclear carbonyls MnRe(CO¥y,%® RuyOs(CO)ys,
RuOSQ(CO)12)22 and I\’IHQFG(CO)M.”'W

Winters and Kiser?* have shown that under electron
impact the mononuclear metal carbonyls are first singly
ionized and then progressively lose carbon monoxide
until the metal cation is obtained. The binuclear
carbonyls of cobalt and manganese also decompose in
this way to give the ions Co;* and Mnyt, and may also
at any stage of the process break into two mononuclear
fragments, one charged and one neutral (e.g., see Scheme
V). Our studies indicate that this progressive loss

(24) R. E. Winters and R. W. Kiser, Inorg. Chem., 4, 157 (1965);
3, 699 (1964); J. Phys. Chem., 69, 1618 (1965).

(25) H.J.Svecand G. A. Junk, J. Am. Chem. Soc., 89, 2836 (1967).

(26) B. F. G. Johnson, J. Lewis, I. G. Williams, and J. M. Wilson,
J. Chem. Soc., Sect. A, 341 (1967).

(27) E. H. Schubert and R. H. Sheline, Z. Naturforsch., 20b,
1366 (1965).
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Scheme V

-CO -CO
[an(co)m] t—_— [Mn;(CO)g] T — [N[nZ(CO)E] + ete.

[Mn(CO)s] + [Mn(CO)s] +

+ +
[Mn(CO)s] [Mn(CO),] ete.
of carbon monoxide from the parent ion is a common
feature with all polynuclear metal carbonyls but that
the cleavage of the metal cluster is dependent upon the
metal, and this tendency decreases rapidly in the order
first row < second row << third row metal. Ions of
the type [M(CO),C]* are fairly common for the heavier
transition metals; however, no ions of the type [M-
(CO), 0]t have been observed. It is generally ac-
cepted that bonding of the carbon monoxide group
oceurs to the metal through the carbon; these observa-
tions are consistent with this view, and it would appear
that, even under the high-energy conditions operative
in the mass spectrometer, no tendency to reverse this
bonding pattern occurs.

Dinuclear Metal Carbonyls. Mn;(CO)y, Re:(CO)qo,
MnRe(CO)1, Fey(CO)y, and Coy(CO)s have been ex-
amined. These compounds fall into two distinective
types: those with bridging CO groups, e.g., Co:(CO)s
and Fe,(CO), (Figure 13), and those in which the two
halves of the molecule are joined solely by a metal-
metal bond, e.g. Mny(CO)y, and Rey(CO)yo (Figure 14).
The erystal structures of all these carbonyls have been
established.?

The spectrum of dimanganese decacarbonyl reported
here differs from that obtained by Winters and Kiser2*
only in that we detected the ions [Mny(CO)e]* and
[Mny(CO)7]1*+. With Mn(CO)y, Res(CO)y, and Mn-
Re(CO)y consecutive loss of ten carbonyl groups is
observed to give [M,]*. Cleavage into monomeric
units is also observed, but this tendency falls off rapidly
in going from Mn,(CO);, to Re(CO)y. Thus, on
summation of abundance it can be shown that 599
of the ion fragments from Mn,(CO);, contain two metal
atoms; this rises to 799, in MnRe(CO)y, and to 969,
in Rez(CO>10. With MnRe(CO)m and R82<CO)10 the
isotope pattern of rhenium enables doubly charged
ions to be clearly identified, whereas there are no ions
of this type in the spectrum of Mne(CO)io. This may
be related to the more common occurrence of metal-
metal bonding in higher oxidation states of rhenium
as opposed to manganese. Another feature of the
spectra of MnRe(CO)y, and Res(CO)y is the relatively
high abundance of ions such as [MnRe(CO),C]+
or [Re(C0),C]*; as found with other metal carbonyls,
the abundance of these ions increases steadily as x falls.
The appearance of suitable metastable peaks in the
spectrum of Re,(CO)yo allows us to conclude that both
monometallic and bimetallic ions decompose with
stepwise loss of carbon monoxide radicals. Rearrange-

(28) H. M. Powell and R. V. G. Evans, J. Chem. Soc., 286 (1939);
G. Sumner, H. P, Klug, and L. Alexander, Acta Cryst., 17, 732
(1964); L. F, Dahl and R. E. Rundle, J. Chem. Phys., 26, 1750
(1957); Acta Cryst., 16, 419 (1963).
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ment ions of the type [M(CO)s]+ are not observed in
the spectra of either Mny(CO)y, or Re;(CO)y; however,
the ion [Re(CO)¢]* is observed in significant amounts
in the spectrum of MnRe(CO);0. The migration of CO
groups from the lighter to the heavier metal in the
heteronuclear carbonyls as opposed to no migration
in the homonuclear species has been attributed to the
fact that the Re-C bond (2.07 eV) is stronger than the
Mn-C bond (1.02 eV). Thus for the ion [MnRe-
(CO)y]* transfer of a CO from the manganese to
rhenium can lead to a gain in bond energy.? On this
basis we would not anticipate CO transfer in homo-
nuclear systems.

The spectrum of Fe,(CO), (Figure 13) clearly indi-
cates that iron enneacarbonyl is a dimer in the gas
phase and is consistent with the molecular weight data
found for solutions in iron pentacarbonyl. No evi-
dence was found for a higher polymeric form such as
might be suggested by its general chemical inactivity
and insolubility. The appearance of the ion [Fe-
(CO)s]* agrees with the presence of bridging carbonyl
groups. The parent ion, [Fe,(CO)o]*, and the related
ions [Fex(CO),]* (m = 0-8) are observed; how-
ever, these occur in low abundances. On the other
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hand, mononuclear ions of the type [Fe(CO),]t (n =
0-5) occur in high abundance, suggesting that, on
initial fragmentation, cleavage of bridging CO bonds
occurs in preference to the cleavage of terminal CO
bonds and the stability of the Fe(CO);Fe nucleus is
low. This behavior is in contrast to that of the halo-
gen-bridged carbonyl halides, e.g., [M(C0).X], (M =
Mn or Re; X = Cl, Br, or I), where the M,;X, nucleus
resists fragmentation until all the terminal CO groups
have been removed.

The spectrum of Co:(CO)s has been studied pre-
viously using a time-of-flight spectrometer; we have
measured it under the conditions used for the other
polynuclear carbonyls discussed here. The parent ion
oceurs in the spectrum (Figure 13) and, significantly,
the most abundant ions contain the Co; nucleus,
although mononuclear ions also occur in comparatively
high abundance. The predorninance of binuclear ions
may be attributed to the stability of the Co,(CO),
nucleus which contains two bridging CO groups to-
gether with a Co—-Co bond, and in this respect the rea-
soning applied to the binueclear nitrosyl halide com-
pounds, My(NO),X;, may be applied here. Thus, the
breakdown pattern may be represented as Scheme VI,

Scheme VI

[Cox(CO)s] * —=> [Co(CO)y) T + [Co(CO)4
—4CO
(stepwise)

[Col*

in which a symmetrical fragmentation takes place.
It must be emphasized that in this case a structure
(0C)4Co—Co(CO),, which does not involve bridging CO
groups, cannot be ruled out on the basis of these results
alone. Indeed, it has been shown from infrared mea-
surements that a nonbridged form of cobalt carbonyl
does exist at higher temperatures.

It is of interest to compare the fragmentation pat-
terns of Cox(CO)s and Fey(CO)y. The two complexes
have related structures (Figure 13):2 in Fey(CO),
each iron has three terminal and three bridging car-
bonyl groups and an iron-iron distance of 2.46 131,
while in Cos(CO)s there are three terminal and two
bridging carbonyl groups, the Co-Co distance being
2.51 . The extra bridging group in the iron complex
may be considered to be replaced by a “lone-electron
pair’ in the cobalt structure. It is possible that the
metal-metal distance in the iron complex may reflect
the bonding of the bridging carbonyl groups rather
than the optimum distance for bonding between the
metal atoms. It is significant in this respect that in all
bridging carbonyl compounds reported the metal-
carbon-metal bond angle is in the range 80-87°. In
the cobalt complex the presence of two rather than three
bridging carbonyls gives a larger degree of flexibility
in maintaining the favorable angles of the metal-
carbon~metal grouping with bonding between the metal
centers. It is unfortunate that the details of the iron
structure are not sufficient to allow a comparison of the
two sets of bond angles. The higher abundance of the
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Figure 15. Mass spectra of Fey(CO)g, Rus(CO)y, and Osg-
(COHNa.

binuclear species in the mass spectrum of the cobalt
complex may thus reflect this greater stability of this
bridging system in the cobalt compound.

Trinuclear Metal Carbonyls. These may be con-
veniently divided into eyclic and noneyclic systems.
Possibly the best known example of a eyclic system is
Fe;(CO)1a.  The structure of this compound has re-
cently been established and may be described simply
as Fe,(CO)y with one bridging CO group replaced by an
Fe(CO) unit?® (Figure 15). The structures of Rus-
(CO)12 and Os;3(C0O)y2 are different, consisting of an
equilateral triangle of metal atoms with 12 terminal
carbonyl groups® (Figure 15).

In the spectrum of Fe;(CO)1e (Figure 15) all possible
trimeric ions [Fes(CO),]*T (n = 0-12) were observed,;
in addition dinuclear and mononuclear ions were found.
The occurrence of [Fe(CO);]* in high abundance is of
considerable interest, as in all homonuclear compounds
studied to date no migration of a CO group from one
metal to another has been observed. Thus, the pres-
ence of this ion may be readily correlated with a struc-
ture from the parent carbonyl in which the presence of
five carbonyl groups around an iron atom occurs. It
must, be emphasized, however, that in a complex mole-
cule such as Fe;(CO)yp the migration of a CO group may
have occurred in the intermediate ions.

The spectra of the corresponding ruthenium and
osmium carbonyls (Figure 15) are much simpler. In
the spectrum of Ruz(CO)ys singly charged trinuclear
species account for 929, of metal-containing fragments,

(29) L. F. Dahl and J, F. Blount, I'norg. Chem., 4, 1373 (1965).
(30) E. R. Corey and L. F. Dahl, ¢bid., 1, 521 (1962),
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and binuclear and mononuclear species for 5 and 29,
respectively. The corresponding figures for Fe;(CO)y,
are 36, 4, and 609,. With Os;(CO);; neither dinuclear
nor mononuclear ions were observed. Thus, these
spectra follow the same trend as those of manganese
and rhenium decacarbonyl and support the view that
metal clusters become increasingly resistant to frag-
mentation down a transition-metal group. The ap-
pearance of [0s;(CO),12t (n = 0-12) and [Rus]?+
may be correlated with the stability of heavy metal
clusters toward increased oxidation.

As the structure of Ruz(CO);; does not involve a
ruthenium atom bonded to more than four carbonyl
groups the possible appearance of [Ru(CO);]* was of
interest. Only very weak peaks (~0.05%,) occurred in
the mass range 236-244 expected for [Ru(CO);}+,
and we may conclude that no significant amount of this
ion is produced. This is not only consistent with the
known structure of the parent compound but further
confirms that earbonyl groups show no tendency to

"migrate in homonuclear metal carbonyls during frag-
mentation. The significance of [Fe(CO);]* in the
discussion of Fe;(CO)y, is thus enhanced.

The mixed polynuclear carbonyls RuOs,(CO), and
Ruy0s(CO)12 have been prepared.® These have been
shown to be isomorphous with Os3(CO)w, and their
infrared spectra are consistent with the absence of
bridging CO groups. Their spectra are very similar
to that of Oss(CO)i: consecutive loss of twelve CO
groups is observed in each case to give the trinuclear
cluster ion [RuOs,;]t or [Ru:0s]*. No bi- or mono-
nuclear ions were observed.

Few, neutral, linear trinuclear metal carbonyls are
known. One of the best examples of this group is
MnoFe(CO)1;?"  erystal structure determination of
this compound is not complete. The structure is
believed to consist of a linear array of the three metal
atoms with 14 terminal CO groups (Figure 16). The
mass spectrum contains all possible trinuclear ions
[MngFe(CO),,]t (m = 0-14), together with significant
amounts of dinuclear and mononuclear species. Di-
nuclear ions of the type [MnFe(CO),]* are common,
but no ions containing two manganese atoms were
observed, suggesting that no cyclic intermediate is
produced during fragmentation. As anticipated, two
types of mononuclear ions, [Mn(CO),]* and [Fe-
(CO),]*, were observed. It is significant that the
ion [Mn(CO)¢]* was not observed, and no evidence
of CO migration from the iron atom to the manganese

(31) B. F. G. Johnson, J. Lewis, and I. G, Williams, unpubhshed
observations,
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Figure 18. Mass spectra of Cos(CO);z and Iry(CO ).

was obtained. However, the possibility of CO migra-
tion from the manganese to the iron cannot be entirely
ruled out since ions corresponding to [Fe;(CO)s)+
were observed; however, it is possible that some ther-
mal decomposition to produce Fe,(CO)y was taking
place in the spectrometer, and subsequently some of the
ions [Fe(CO),}1* (y = 0-5) may arise as a result of this
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decomposition path. Studies on other heteronuclear
systems of this type are in progress.

Tetranuclear Metal Carbonyls. The tetranuclear
carbonyls, M4(CO)y,, of cobalt, rhodium, and iridium
are well-established compounds. Although there has
been considerable speculation as to the structure of
Coy(CO)yq, it has finally been resolved for the solid
state®? (Figure 17). The main features of this molecule
are the basal triangle of Co3;(CQ),, which contains three
bridging CO groups linking the three cobalt atoms,
and the over-all molecular symmetry C;,. The
structure of this compound in solution, however, re-
mains uncertain.®® On the basis of infrared data
a D,y molecular configuration is preferred, although
the results obtained for 5Co nmr measurements indicate
that the C;, configuration is retained?® (Figure 18).
From infrared data Rh,(CO)y is believed to be similar
to Cos(CO)p (in solution).’? Iry(CO)y is different,
however, and following the trend observed in the iron
triad has a structure (Figure 18) involving no bridging
CO groups.

The mass spectra of the cobalt and iridium com-
pounds are shown in Figure 18, In each case stepwise
loss of 12 CO groups was observed, followed by break-
down of the My cluster to give Mz*, Met, and M+,
Apart from the appearance of the trimeric ions [Cos-
(CO),]*T (n = 0-6) in low abundance with Cos;(CO)y,
the spectra of Co,(CO)ys and Ir:(CO). were very similar,
and no further structural information concerning bridg-
ing CO groups was obtained in contrast to Fe;(CO)r
and Ruz(CO)2.  Rhy(CO)12 decomposed rapidly in the
spectrometer, and only limited information was ob-
tained. This was sufficient, however, to confirm the

(32) C.H. Weiand L. F. Dahl, J. Am. Chem. Soc., 88, 1821 (1966).
(33) F. A, Cotton, Inorg. Chem., 5, 1083 (1966), and references
therein.
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tetrameric formulation Rh,(CO)y, and suggest that the
fragmentation pattern is similar to those of the cobalt
and rhodium analogs.

From these studies on the polynuclear metal car-
bonyls the following points emerge: (1) parent molec-
ular ions are observed in all cases; (2) loss of CO occurs
in a stepwise fashion to give ultimately the polynuclear
metal cation; (3) CO transfer does not occur in homo-
nuclear systems; (4) ions of the type [M(CO),C]*
are fairly common for the heavier transition metals
but only appear after several CO groups have been
ejected; (5) no ions of the type [M(CO), 0]+ are
observed, consistent with the view that CO is bonded
via the carbon in all carbonyls studied.

We have been able to utilize this information in the
identification of a number of new polynuclear carbonyl
compounds. The recently reported carbide complexes
of ruthenium,® RusC(CO)ir and RueC(CO)(arene)
[arene = CHaCeHs, (CH3)205H4, or (CH3)3C(§H3],
provide an especially good example of the value of mass
spectrometry in the determination of the molecular
formula of “unusual” organometallic complexes. The
differentiation between, e.g., RusC(CO)y; and Rug(CO)yq
would be difficult by analytical and other usual tech-
niques. However, the appearance of the ion [RugC-
(CO)i7]* and the related ions [RusC(CO),]* (n =
0-16) is consistent with the formulation of this com-
pound as a “carbide’” compound. This is further sup-
ported by observation 4 (see above) that in all other
polynuelear carbonyls examined ‘‘ carbide” ions are not
produced until several CO groups have been removed
from the parent ion., It is significant that a recent
X-ray study of the mesitylene complex, RusC(CO)14-
[CeH3(CH,;);], has fully confirmed our formulation
(Figure 19).%

Conclusion

This account emphasizes the general utility of mass
spectrometry to a variety of structural problems in
inorganic chemistry. The main approach is essentially
one of correlation of fragmentation pattern with known
molecular structure and suffers from the disadvantage
that the structures assumed are from crystallographic
data whereas the spectra are obtained from gaseous
samples. The main advantage offered by this tech-
nique is the rapid determination of accurate molecular
weights and molecular formulas. This is obviously a
technique which is rapidly gaining popularity in a wide
field of interest.

(34) B. F. G. Johnson, R. D. Johnston, and J. Lewis, Chem. Com~
mun., 1057 (1967).
(38) R. Mason and W. Robinson, 1bid., 468 (1968).



