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Abstract: Relative binding energies of Fe(CO); to a series of gaseous anions, including H-, OH™, CH,07, F, CH;CO;", and
CI, have been determined from gas-phase ion-molecule reactions in a flowing afterglow apparatus at 300 + 2 K. Qualitative
evidence is presented which shows that attachment of an anion to Fe(CO)s in the gas phase directly produces an iron tetracarbonyl
acyl negative ion. The measured anion binding energies vary over a 40 kcal mol™! range of magnitudes and exhibit linear
correlations with both the proton affinities PA(X") and acetyl cation affinities (D[CH;CO*-X"]) of the negative ions:
D[(CO),FeCO-X"] = 0.66PA(X") - 206 kcal mol™ and D{(CO);FeCO-X"] = 0.59D[CH;CO*-X"] - 80.3 kcal mol™,
respectively. These correlations may be used in combination with established anion thermochemistry to estimate heats of formation
for a large variety of iron tetracarbonyl acyl anions. The relationship of these data to homogeneous catalysis mechanisms
and nucleophilic addition reactions involving transition-metal complexes in solution is discussed.

The thermochemical data base for transition-metal compounds
is currently undergoing an explosive growth.!™ This growth is
inspired, in part, by the burgeoning field of organometallic
chemistry, as well as by the expanding interests in homogeneously
catalyzed synfuel production.’® Gas-phase studies of metal ions
have made major contributions to inorganic thermochemistry in
recent years. Through systematic investigations of the properties
and reactivity of gas-phase metal ions, useful new thermodynamic
data such as metal-hydrogen and metal-carbon bond ener-
gies, 1013 electron affinities,!* ionization potentials,!* and metal
ion heats of formation!6 have been derived. Gas-phase ion-
molecule reactions involving neutral transition-metal complexes
have featured strongly in many of these studies. For example,
the occurrence or non-occurrence of a binary gas-phase ion—
molecule reaction often may be used in assigning limits on certain
thermochemical properties for the species involved. This approach
lies at the heart of the well-known and much-employed acidity
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or basicity bracketing technique, wherein the direction of proton
transfer between the neutral and ion of interest establishes a proton
affinity hierarchy.'”'®* When this approach is applied to tran-
sition-metal complexes, heterolytic and homolytic metal-hydrogen
bond strengths may be determined.!!21°

We have been applying this kind of approach to obtaining
thermochemical information in our studies of gas-phase nucleo-
philic addition reactions of negative ions with transition-metal
carbonyls.”®??  As with their condensed-phase counterparts, these
gas-phase reactions often yield anionic metal-acyl complexes as
products (eq 1).52*2  Metal-acyls are chemically significant

L,MCO + Nu™ — L,MC(O)Nu" (1)

species in that they are frequently proposed as key intermediates
in catalytic processes as well as in a host of inorganic and organic
syntheses. For example, metal-hydroxycarbonyls, (metallo-
carboxylic acids) such as (CO),FeCO,H™, have been postulated
as intermediates in water-gas shift catalysis,?’*° and metal-formyl
complexes such as (CO),FeCHO™ commonly intercede in met-
al-catalyzed reductions of CO and CO, by H,.>*13 Furthermore,
many metal-acyls of the structure (CO),FeC(O)R™ have been
produced from reactions between alkyl halides and Fe(CO),% in
the presence of CO,* as well as by nucleophilic addition of
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carbanions to Fe(CO):.** Iron-acyl derivatives such as these have
been used as versatile synthetic intermediates for the production
of unsymmetrical ketones and a-diketones from alkyl, aryl, and
acyl halides.® Therefore, information on the intrinsic properties,
reactivity, and, particularly, the thermochemistry of transition
metal-acyls is of practical significance. In this paper we describe
our measurements of the energetics for gas-phase anion binding
to Fe(CO)s (“anion affinities”) for a series of negative ions
generated in a flowing afterglow apparatus at 300 K. These new
data, and the iron tetracarbonyl acyl anion heats of formation
derived from them, have enabled the discovery of a useful cor-
relation between Fe(CO); anion affinities and those for several
other reference acids. We demonstrate here the scope and ap-
plicability of this correlation and show how it may be used to
estimate gas-phase heats of formation for a wide variety of anionic
iron-acyl complexes.

Experimental Section

All experiments were carried out at 300 = 2 K in a flowing afterglow
apparatus which has been described in detail previously.2

The apparatus consists of a 100 cm X 7 ¢cm 1.d. flow reactor interposed
between an electron impact ion source and a quadrupole mass spectrom-
eter which is located behind a 0.5 mm sampling orifice in a nose cone.
Helium buffer gas, which thermalizes the ions and carries the plasma
through the flow reactor, was maintained at a pressure of 0.40 torr and
a typical flow rate of 180 STP ¢cm?s™! by a Roots blower. The primary
reactant ions, NH," and OH", were generated by electron impact on NH;,
and a N,0O/CH, mixture, respectively. These ions were allowed to react
with one or more neutral compounds added further downstream to pro-
duce the required anion-transfer agents which were subsequently reacted
with Fe(CO);. The bimolecular rate constants and product branching
ratios cited in this work were determined by standard methods*” which
employed a movable neutral inlet. The neutral reactant flow rates were
measured by monitoring a pressure increase with time in a calibrated
volume.

All reagent gases were obtained from commercial suppliers and were
of the following purities: He (99.995%), NHj; (99.99%), N,O (99.0%),
C,H,F; (98.0%), H,S (99.5%), SO, (99.98%), PF; (99.0%), MeSH
(99.5%), CO, (99.5%). Liquid samples were also obtained from com-
mercial sources and were used without further purification except for
multiple freeze—pump—thaw cycles to remove noncondensible impurities.

General Considerations

Before proceeding with a description of the results, we must
first establish a few definitions. An “anion affinity” of a neutral
compound is defined as the enthalpy of dissociation of a negative
ion—molecule complex to the corresponding free anion and neutral.
For example, eq 2 corresponds to the X~ affinity of neutral A,
where AX™ may be an electrostatically bound cluster ion or a

DIA-XT]

AX- A+ X )
covalently bonded species. A large number of anion affinities have
been determined. McMahon, Kebarle, and others have measured
and compiled extensive lists of gas-phase halide ion affinities for
a wide variety of neutral compounds.’*! These studies have

(33) Collman, J. P; Finke, R. G.; Cawse, J. N,; Brauman, J. I. J. Am.
Chem. Soc. 1978, 100, 1766 and references cited therein.

(34) (a) Fischer, E. O; Kiener, V. J. Organomet. Chem. 1970, 23, 215.
(b) Fischer, E. O.; Kiener, V.; St. P. Bunbury, D,; Frank, E.; Lindley, P. F.;
Mills, O. S. Chem. Commun. 1968, 1378.

(35) (a) Sawa, Y.; Ryang, M.; Tsutsumi, S. Tetrahedron Lett. 1969, 5185.
(b) Sawa, Y.; Ryang, M,; Tsutsumi, S. J. Org. Chem. 1970, 35, 4183,

(36) (a) Smith, D,; Adams, N. G. In “Gas Phase Ion Chemistry”; Bowers,
M. T., Ed.; Academic Press: New York, 1979; Vol. 1, Chapter 1. (b) Adams,
N. G.; Smith, D. J. Phys. B 1976, 9, 1439.

(37) Anderson, D. R; Bierbaum, V. M.; DePuy, C. H. J. Am. Chem. Soc.
1983, 105, 4244,

(38) (a) Larson, J. W.; McMahon, T. B. J. Am. Chem. Soc. 1983, 105,
2944. (b) Larson, J. W.; McMahon, T. B. Inorg. Chem. 1984, 23, 2029. (c)
Larson, J. W.; McMahon, T. B. Can. J. Chem. 1984, 62, 675. (d) Larson,
J. W.; McMahon, T. B. J. Am. Chem. Soc. 1984, 106, 517. (e) Larson, J.
W.; McMahon, T. B. J. Am. Chem. Soc. 19858, 107, 766.

(39) (a) Yamdagni, R.; Kebarle, P. J. Am. Chem. Soc. 1971, 93, 7139.
(b) Yamdagni, R.; Kebarle, P. J. Am. Chem. Soc. 1972, 94, 2940. (c)
Arshadi, M.; Yamdagni, R.; Kebarle, P. J. Phys. Chem. 1970, 74, 1475,

(40) (a) Murphy, M. K.; Beauchamp, J. L. J. Am. Chem. Soc. 1976, 98,
1433, (b) Sullivan, S. A; Beauchamp, J. L. Inorg. Chem. 1978, 17, 1589.
(¢) Murphy, M K,; Beauchamp, J. L. J. Am. Chem. Soc. 1977, 99, 4992.

Lane et al.

provided an excellent experimental data base for developing
theories about Lewis acidity, ion solvation, and hydrogen bond-
ing.*>**  Most investigations have focused on a single, fixed
reference ion and the energetics of its binding to a series of neutral
molecules. The present approach differs somewhat in that we are
specifically interested in a single neutral species (Fe(CO);) and
its affinity for a series of different anions. Equation 3 defines the
anion affinity of Fe(CO)s. Here we presume the negative

DI[(CO)FeCO-X"]
—_—_—

(CO),FeC(0)X~ Fe(CO)s + X~ (3)

ion/Fe(CO); complexes to be covalent adducts wherein the anion
is attached directly to carbon to produce an 18-electron iron
tetracarbonyl acyl negative ion. Evidence supporting this view
has been presented previously,” and additional discussion relating
to this question is provided in the present work.

An anion affinity for a neutral compound may be obtained by
a number of different methods, including direct equilibrium
measurements, bracketing techniques, and thermodynamic cycles
based on observed ion—molecule reactions. An equilibrium con-
stant for a reaction in which a negative ion is transferred from
one neutral compound to another provides a measure of the relative
free energy of anion binding by the two molecules. Entropies for
anion transfer are usually either small and negligible or estimable
from statistical mechanics.’® Therefore, relative anion affinities
may be directly determined. Extensive anion affinity ladders may
be constructed from measurements for many such equilibria, and
an absolute scale is established when an absolute anion binding
energy for one constituent of the ladder becomes available—the
so-called “anchor”. Equilibrium constants for gas-phase anion
transfers may be determined by direct assay or from Kinetic
measurements for forward and reverse reactions.

Bracketing techniques offer a useful alternative when direct
equilibration cannot be achieved due to competing side reactions,
unfavorable kinetics, or the absence of stable neutral compo-
nents.!® The central requirement for all affinity bracketing
methods is that the occurrence or non-occurrence of a gas-phase
reaction be determined by thermodynamic, as opposed to kinetic,
factors. Therefore, in the present case we require reference ions
and neutral compounds with established thermochemistry which
can be shown independently to rapidly transfer or accept the anion
of interest when reaction is exoergic.

Finally, absolute limits on anion-binding energies often may
be extracted from the outcome for more complex reactions than
simple anion transfer, provided a suitable thermodynamic cycle
can be constructed and supporting thermochemical data are
available.*?

Results

In the following sections we describe the results of our mea-
surements of the binding energies of Fe(CO)s to H, OH™, F~,
CH;07, CH;CO;, and other ions, using the methods discussed
above,

Hydride Ion. We recently reported a determination of the
Fe(CO);s hydride affinity (HA = D[(CO),FeCO-H"]) along with
the corresponding AH{(CO),FeCHO™,g] and discussed the rel-
evance of these data to hydride reductions by iron—formyls in
solution.?! The determination utilized reference anions possessing
known hydride-neutral bond energies derived from gas-phase
acidities in conjunction with a bracketing approach in which a
thermodynamic threshold for bimolecular hydride transfer to
Fe(CO)s was established. From qualitative and quantitative
experiments involving hydride donor anions that spanned a 40 kcal
mol™! range in hydride affinity, we established that the H- binding
energy for Fe(CO); lies between that for CHy=C(CN)CH; (HA
= 56.1 %+ 2.5 kcal mol™!) and CH,=CHCN (HA = 57.6 £2.5
kcal mol™!). We thus assigned a value of 56.1 £ 4 kcal mol™! to
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Table I. Fluoride Affinity Bracket for Fe(CO)s
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neutral anion fluoride affinity? (AF) transfers (CO)4FeC(O)F
(A) (AF) of (A) F to Fe(CO); transfers F~ to (A)
SO, SO,F 43.8 no yes
PF, PF, 40.2 yes yes
CF;CH,0OH CF,CH,0H.F 39.1 yes no
H,S H,S-F~ 34.6 yes no

91n units of kcal mol™', ref 38a.

HA(Fe(CO)s), eq 4. From this bond energy a value for AH¢
[(CO),FeCHO ,g] = -194.4 £ 4 kcal mol™! was calculated.

(CO),FeC(O)H- — Fe(CO)s + H- (4)
AH = D[(CO),FeCO-H"] = 56.1 % 4 kcal mol™!

Hydroxide Ion. We also recently established a lower limit for
the OH™ binding energy of Fe(CO)s from the observed occurrence
of reaction 5.%°% Using measured values of the OH™ hydration

HO(H,0), + Fe(CO); —~ (CO),FeC(O)OH™ + 4H,0 (5)

enthalpies and entropies from high-pressure mass spectrometry
(HPMS) measurements,* plus a calculated entropy contribution
to eq 6 of 32.80 eu,* we estimate that AH(6) = 53.1 kcal mol™.
This value is slightly larger than the previously reported limit2°2
(>50 kcal mol™) since a more rigorous estimation of AS|, s was

(CO),FeC(O)OH™ — Fe(CO); + OH™ (6)
AH = D[(CO),FeCO-OH"] 2 53.1 kcal mol™

employed.*® We also noted in the earlier work that the relatively
rapid rate measured for reaction 5 could suggest that the next
higher cluster, HO(H,0);", might also react analogously and,
therefore, that the OH™/Fe(CO); binding energy is likely to be
even greater. The structural assignment for the product of eq 5
as the covalent iron—-hydroxycarbonyl anion shown, as opposed
to an electrostatically bound cluster ion or isomeric metalloformate
anion, was based on its inactivity toward binary neutral switching
reactions and its H/D exchange behavior, respectively.
Fluoride Ion. Accurate fluoride affinities for numerous Brensted
and Lewis acids have been determined by using ion cyclotron
resonance’®*’ and high-pressure mass spectrometry.’® These
measurements provide excellent reference data for determining
the fluoride affinity of Fe(CO); by both bracketing and equilib-
rium methods. We have examined an extensive series of binary
fluoride transfer reactions, both from F~ donor anions to Fe(CO);
and from (CO),FeC(O)F" to neutral fluoride acceptors. Fluoride
donor anions were produced in the upstream quarter of the flow
reactor from reactions between the corresponding neutral com-
pound and F(H,0)™ (m/z 37). This latter ion was generated by
reaction between CH;CHF, and OH™ in the presence of traces
of water.*’ Downstream addition of either Fe(CO);s (eq 7b) or
a neutral reference compound possessing a known fluoride af-
finity*® (eq 7a) provided primary reactant anions for the
bracketing experiments summarized in Table I. Fluoride transfer
to Fe(CO); (eq 7¢) is observed for AF~ = (F-H,S), (F-HO-

F(H,0) + A — AF + H,0 (7a)

F(H,0)" + Fe(CO);s — (CO),FeC(O)F- + H,0 (7b)
AF- + Fe(CO); — (CO),FeC(O)F + A (7¢)
(CO),FeC(O)F~ + A — Fe(CO); + AF (7d)

(45) Arshadi, M.; Kebarle, P. J. Phys. Chem. 1970, 74, 1483.

(46) Estimated entropy is given by AS|.,., + AS,,. These values were
calculated by standard statistical formulae, except the inertial term in AS,,
has been neglected (ref 38a). An internal rotational symmetry number of 3
is assumed for the anion/Fe(CO)s adducts, i.e., attachment of the negative
ion to an axial carbonyl ligand.

(47) The reaction of HO™ with CH;CHF, in our flowing afterglow pro-
duces F(H,0)™ as the major product with traces of F~ and F(H,0),™ also
observed. These products probably arise from a S-elimination reaction in the
fluorocarbon followed by expulsion of fluoroethylene from the product com-
plex. Subsequent association of F(H,0)~ with traces of water in the system
produces F(H,0),". See ref 38a.

CH,CF3;), and PF,, while no F transfer is observed to occur from
SO,F~. Moreover, F™ transfers from (CO),FeCOF" to SO, and
PF; (eq 7d), but not to CF;CH,OH nor H,S. From these results
it is established that the fluoride affinity of Fe(CO);s lies between
that for SO, (43.8 kcal mol™") and CF,CH,OH (39.1 kcal mol™)
and is very close to that for PF, (40.2 kcal mol™!).%® The oc-
currence of fluoride transfer in both directions (eq 7¢c and 7d) with
the PF,/PF; system enabled a direct study of the equilibrium
reaction 8.

PF,” + Fe(CO); = PF, + (CO),FeC(O)F (8)

We chose to determine the equilibrium constant, K(8), from
measurements of the forward and reverse reaction rates rather
than by direct assay since the latter method requires the simul-
taneous measurement of two neutral flow rates—an experimental
capability which we do not possess at present. Both the forward
and reverse reactions in eq 8 are clean, second-order processes
which produce a single ionic product as shown. Five measurements
of each rate coefficient at 300 £ 2 K gave k; = 6.68 £ 0.14 X
10 cm’ s and k, = 3.13 £ 0.8 X 107! ¢cm®s7!. This leads to
a value for K(8) = k;/k, = 21.3 £ 1.0, which corresponds to AG(8)
= —1.82 £ 0.03 kcal mol™'. To convert this to an enthalpy, the
entropy contribution to reaction 8 needs to be estimated. Using
the simple statistical mechanics formulations given by McMa-
hon,?® we compute AS(8) = 3.83 eu.*® Thus, at 25 °C, AH(8)
= —0.67 kcal mol!. Combining this with the absolute fluoride
affinity measured for PF;** yields D[(CO),FeCO-F] = 40.9 +
3 keal mol™!. The conservative uncertainty interval assigned to
this value takes into account the probable uncertainty in the
absolute fluoride affinity scale.*®® From this bond energy, a value
for AH{(CO),FeCOF,g] = -273.4 £ 3 kcal mol™! may be
calculated.

Alkoxide Ions. As part of a larger study of solvated ion reactions
with metal carbonyls,*® we have examined the reactions of
CH;0(CH;0H),”, n = 1-3, with Fe(CO);. Recent HPMS
measurements of the CH;O(CH;OH)™ binding energy* along with
the observed reactivity of this and higher clusters with Fe(CO);
in our flow reactor permit an estimate of a lower limit to
D[(CO),FeCO—OCHj;]. Methoxide/methanol cluster ions are
produced in the upstream end of the flow tube by coaddition of
a relatively high concentration of CH;OH (ca. 0.05 STP cm’®s™)
along with traces of methyl formate, HCO,CHj, to an initial
reactant ion stream of NH,". Proton transfer produces CH,0",
which subsequently undergoes rapid termolecular association with
excess methanol to yield CH;O(CH3;OH),” cluster ions up to »n
= 3. The methyl formate serves to enhance the rate of cluster
ion formation via the well-known Riveros reaction (eq 9).*!

NH, + CH,;0H — CH,0~ + NH, (9)
CH;0H
CH,O + CH,0H — CH;0(CH,0H)" etc.
-CO CH;OH
CH,0- + HCO,CH, —> CH,0(CH,0H)" etc.
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Table Il. Estimation of Solvation Enthalpies and Entropies for
CH,0O(CH;0H), Cluster Ions

~AH,., , (kcal/mol) ~AS, . (eu)
for n 1-3 for n = 1-3
cluster 1 2 3 1 2 3
HO(H;0),"¢ 250 179 151 208 21.2 2438
F(H,0),? 23.3  16.6 13.7 174 187 204

CH;O(CH;0H), ¢ 21.8¢ (15.6) (13.2) 21.8¢ (22.2) (26.0)

?Reference 45. ®Reference 39¢c. ©Estimated values in parentheses,
see text. ¢ Experimental values, ref 49.

Each of the cluster ions formed in this way rapidly reacted with
Fe(CO)s to yield the iron—methoxycarbonyl ion as the sole product
(eq 10). Bimolecular rate coefficients were determined for each

CH,0(CH,0H),” + Fe(CO); —
(C0),FeC(O)OCH;~ + nCH;0H (10)

n=1-3

reactant ion and are 1.7 X 107, 1.3 X 107, and 1.1 X 10~ cm?
sl for n =1, 2, and 3, respectively. Comparison of these rates
with the corresponding Langevin collision rates®? indicates that
CH;0 is transferred from the solvates to Fe(CO); on essentially
every encounter.

A lower limit to the methoxide ion affinity of Fe(CO); (D-
[(CO),FeCO-OCH;]) may be inferred from the occurrence of
CH;O" transfer from the n = 3 cluster ion. While the required
solvation enthalpies and entropies for CH;O(CH;0H);™ have not
been measured experimentally, they may be estimated with rea-
sonable accuracy from other data. Kebarle and co-workers have
recently determined AH,; and ASj, for formation of CH;0-
(CH;0H)™ to be —-21.8 % 1.0 kcal mol™ and -21.8 = 3.0 eu,
respectively.*® Furthermore, the first three hydration enthalpies
and entropies for OH™* and F~° are also known from HPMS
measurements. If we assume that the successive decreases in
AH, | ,and increases in AS,_, , for HO(H,0),” and F(H,0),",
n = 1-3, cluster ions will be followed in a proportionate manner
for CH;O(CH;3;0H),, n = 1-3, clusters, then the desired ther-
mochemical data may be estimated. Table II summarizes these
data and the resulting estimated values for the CH;0(CH;0H),~
cluster ions. The sum of the solvation enthalpies and entropies
(eq 11) and an estimated entropy contribution to eq 12 of 31.6
eu*® may be combined to evaluate a lower limit to D[(CO),)-

CH,0(CH,0H), — CH,0" + 3CH,0H (11
AH = 50.6 kcal mol™}; AS = 70.0 eu
(CO)4FeC(O)OCH;™ — CH;30™ + Fe(CO); (12)
AH = D[(CO),FeCO-OCH,| = 39.1; AS = 31.6 eu

FeCO-OCH;] 2 50.6 kcal mol™ — (300 K)(70.0 eu — 31.6
eu)/1000 = 39.1 kcal mol™!. From this, an upper limit for
AH{[(CO),FeCO,CH;,g] < -246.8 kcal mol™ may be derived.
As with the HO(H,0),” clusters, the observed rapid reaction of
the CH;O(CH;OH);™ ion suggests that the next higher cluster
may react as well, and that the methoxide affinity of Fe(CO);
is actually somewhat greater than the present estimate.*?
Bounds on additional alkoxide, thioalkoxide, and related ion
affinities of Fe(CO); can be established from several other ion-
molecule reactions that we have observed. For example, the
iron—acyl fluoride ion, generated by the procedures described in
the previous section, undergoes binary exchange reactions in the

(52) (a) Langevin, P. M. Ann. Chim. Phys. 1908, 5, 245. (b) Futrell, J.
H.; Tiernan, T. O. In “Fundamental Processes in Radiation Chemistry”;
Ausloos, P., Ed.; Wiley: New York, 1968; p 171.

(53) For a pertinent discussion of the interplay between dynamic and
thermochemical factors in nucleophilic substitution reactions involving these
cluster ions, see ref 50 and: Henchman, M.; Paulson, J. F.; Hierl, P. M. J.
Am. Chem. Soc. 1983, 105, 5510.
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Scheme I
(CO),FeC(O)F~ — Fe(CO), + F~  D[(CO),FeCO-F "]
H* + F- > HF ~AHy 4 (HF)
HX - X" + H* AH y o9 HX)

X" + TFe(CO); - (CO),FeC(0)X™ -D[(CO),FeCO-X"}

Table III. Anion Affinities of Fe(CO); Derived from Equation 14

Neutral AH g~ does anion D[(CO)4FeCO-X"}
(HX) (HX)**  exchange occur inference?
H.S 353.5 yes 223.1
MeSH 359.0 yes 228.6
CF,CH,OH 364.4 yes 2340
MeOCH,CH,OH 372.5 no <42.1
t-BuOH 373.3 no <42.9
n-BuOH 374.0 no <43.6
i-PrOH 374.1 no <43.7
n-PrOH 374.7 no <443
EtOH 376.1 no <45.7
MeOH 381.4 no <51.0
H,0 390.7 no <60.3

%In units of kcal mol™'. ?Reference 18.

presence of certain alcohols, thiols, and H,S (eq 13). Since the
fluoride affinity for Fe(CO);s and AH{{(CO),FeC(O)F g] have

(C0),FeC(O)F + HX — (CO),FeC(O)X + HF (13)
X = OR, SR, SH

been established previously, the occurrence or non-occurrence of
eq 13 can be used to derive limits on the X~ binding energies of
the acyl anion products. Scheme I illustrates the pertinent
thermochemical equations, and eq 14 gives the resulting expression
for D[(CO),FeCO—X"], assuming AS(13) ~ 0. A lower limit
for this quantity is established when reaction 13 is observed, and
an upper limit is obtained when it is not—provided that the
outcome is thermodynamically and not kinetically determined.

D[(CO),FeCO-X"] % D[(CO),FeCO-F] + AH, q(HX) -
AH,(HF) (14)

D[(CO),FeCO-X"] 2 AH,(HX) - 330.4 kcal mol™!

The results for a series of these reactions, and the corresponding
thermochemical inferences are summarized in Table III.

Acetate Ion. Using the same approach as that described for
OH™ and CH;07, we can estimate the acetate ion affinity of
Fe(CO); from the observed reactivity of CH;CO,(CH,;CO,H),”
clusters. Cluster ions of this type are readily fashioned in the flow
reactor by introducing a high concentration of CH,CO,H into
a NH, reactant ion stream. Rapid proton abstraction followed
by sequential association of the resulting acetate ion with excess
acid produces abundant cluster ions, CH;CO,(CH;CO,H),", up
to n = 3. Downstream addition of Fe(CO); results in moderately
fast decay of the unsolvated CH;CO," ion signal, m/z 59 (k =
1.35 X 10719 cm? 571, kgya/kL = 0.07),%% while the cluster ions
appear to be unreactive (k < 1073 cm® s7!), eq 15. We formulate
the product of the former reaction as a covalently-bonded (me-
talloanhydride) anion in analogy with the other iron tetracarbonyl
acyl ions described in the previous sections.??

250 . (CO)4Fe CIOIOCOICHS"
Fe(COlg 15)

|- )
22123 _ o reaction

CHACO(CH3CO, H),”

Kebarle and co-workers have measured the CH;CO,(CH;-
CO,H)™ solvation enthalpy and entropy to be AH,; = -27.0 kcal
mol™! and AS,, = -26.2 eu, respectively.** Combining these data
with an estimated entropy for eq 16 of 34.6 eu* yields the fol-
lowing expression: D[(CO),FeCO-0,CCH;] < 27.0 keal mol™

(CO),FeC(0)0,CCH;~ — CH,CO,™ + Fe(CO)s  (16)

- (300 K)(26.2 eu — 34.6 eu) /1000 = 29.5 kcal mol™'. Thus, an
upper limit of 29.5 keal mol™ to the acetate jon affinity of Fe(CO)s
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Table IV. Comparison of Anion Affinities (kcal mol™!)

X D[(CO),FeCO-X] PA(X)®  D[CH,CO*-X"]®

H- 56.1 & 4 400.4 2313
HO" 53.1 < x < 60.3 390.7 07.5
MeO" 39.1 <x <510 381.4 2225
EtO <45.7 376.1 2175
n-Pro- <443 374.7 216.6
n-BuO~ <436 374.0 215.7
1-BuO- <429 3733 215.4
MeOCH,CH,0-  =42.1 372.5 2142
F 409 =3 3713 203.5
CF,CH,O" >34.0 364.4 200.9
MeS- >28.6 359.0

HS- 223.1 353.5 181.7
CH,CO; <29.5 348.5 172.1

aReference 18. ®Determined from eq 18.

may be assigned from the reactivity depicted in eq 15. From this,
a lower limit on AH;[(CO),FeC(0)O,CCH;,g] = —323.0 kcal
mol™! is calculated.

Discussion

Table IV presents a complete summary of the derived limits
and absolute values of Fe(CO); binding energies for 13 negative
ions. The anion affinities span a nearly 40 kcal mol™! range of
magnitudes and encompass a diverse set of atomic, diatomic, and
polyatomic ion types. In keeping with our earlier studies of the
(CO),FeCO,H" ion,?® we assign covalently bonded iron tetra-
carbonyl acyl structures to the negative ion products described
in the previous sections. The binding energies listed in Table IV
are generally quite large (up to ~60 kcal mol™!)—larger than what
can be reasonably expected for simple electrostatic binding. For
example, although the large polarizability of Fe(CO); (28 A%)**
could account for substantial ion-induced dipole attractive forces,
such forces do not become large enough to match the experimental
binding energies until the negative ion is within 3-4 A of the
polarization center (ignoring repulsion).”® Moreover, Dedieu has
computed an ab initio SCF potential energy surface for the re-
action between H~ and Fe(CO)s which shows that direct at-
tachment to an axial CO occurs without activation.’® Therefore,
considering the large electrostatic attraction forces initially op-
erating along with the absence of a barrier preventing covalent
attachment to CO, we see no reason to believe that the Fe-
(CO)s/negative ion complexes would not spontaneously collapse
to the proposed iron—acyls. Moreover, direct attachment of a
negative ion to iron seems highly unlikely since this would produce
unprecedented, and presumably unstable, 20-electron complexes.
Metal-formyls, hydroxycarbonyls, alkoxycarbonyls, and metal-
acylfluorides which are analogous to many of the acyl ions pos-
tulated in this study are well-known species in solution,%23-26
Nucleophilic addition to Fe(CO); under nondissociative conditions
is believed to generally favor axial CO attack.’” The resulting
negative charge can be viewed as delocalized over the entire
complex, with particularly high electron density on the acyl oxygen
atom by virtue of 3d.(Fe) — 2p,-(CO) conjugation.’®® The

O o

oce. | oc.

oche —co oche_co
o o

observation of F~ transfer from (CO),FeC(O)F~ to both SO, and
PF; deserves special comment. In our previous work, we noted
that hydride transfer from (CO),FeCHO™ to neutral acceptor
molecules was not observed; even in cases where transfer was

(54) Dorfman, Y. G. Zh. Fiz. Khim. 1963, 37, 2496.

(55) Lias, S. G. J. Phys. Chem. 1984, 88, 4401.

(56) Nakamura, S.; Dedieu, A. Theor. Chim. Acta 1982, 61, 587.

(57) (a) Darensbourg, M. Y.; Condor, H. L.; Darensbourg, D. J.; Hasday,
C.J. Am. Chem. Soc. 1973, 95, 5919. (b) Darensbourg, D. J.; Darensbourg,
M. Y. Inorg. Chem. 1970, 9, 1691.
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Figure 1. Plot of proton affinity vs. measured Fe(CO); binding energies
for negative ions (kcal mol™).

estimated to be thermodynamically favorable.?! We attributed
this to a kinetic barrier to H™ transfer arising from unfavorable
charge localization requirements in the iron-formyl complex. That
is, the formyl C—H~ bond is a relatively strong one (56.1 kcal
mol™), and the low electronegativity of hydrogen may inhibit
appreciable hydride-character buildup in the CHO moiety as
would ultimately be required for H™ transfer to another molecule.
To avoid violating microscopic reversibility, we must assume that
the kinetic barrier impeding H™ transfer from (CO),FeCHO to
neutral acceptors must not correspond to the same transition state
as that for H™ transfer t0 Fe(CO);, i.e., a more complex reaction
surface than a simple single or double well potential is implicit
in our view. In contrast to H-, fluoride ion may be considered
to be a better “leaving group” for transfer from (CO),FeC(O)F,
since it is both more electronegative and a weaker base than H-,
and possesses lone-pair electrons which may enable Lewis acid—
base interactions with the acceptor molecule. Thus, the barrier
to F~ transfer from this acyl ion is lessened.

The Fe(CO)s anion affinities in Table IV may be directly
compared with several other series of negative ion affinities in-
volving different reference acids. Cross-comparisons of experi-
mental and theoretical affinity data for anions, cations, metal ions,
and other ion—molecule complexes have yielded valuable infor-
mation about chemical bonding, charge distributions, and ion-
neutral interactions.*#¢2  The simplest reference acid for which
complete data are available to compare with our D-
[(CO),FeCO-X"] values is the proton. The anion affinity of a
proton is, of course, simply the gas-phase acidity of the corre-
sponding acid HX, or PA(X").'® The 13 anions in Table IV are
listed in order of decreasing basicity, and the corresponding proton
affinities are given in column two. A plot of D{(CO,)FeCO-X"]
vs. PA(X") is shown in Figure 1, where the upper or lower limits
on certain of the Fe(CO); anion affinities are represented by
open-ended intervals. A good linear correlation is evident in which
the bounded and half-bounded data define the linear relationship
given by eq 17. Thus, within the accuracy of this correlation, the

D[(CO),FeCO-X"] = 0.66PA(X") - 206 kcal mol™! (17)

binding energy of a negative ion to Fe(CO); can be predicted from
its thermodynamic basicity. That is, the relative energies of anion
attachment to either a proton or an iron-bound carbonyl ligand
are proportional.

(58) Brown, H. C. “Boranes in Organic Chemistry”; Cornell University
Press: Ithica, NY, 1972; Part 2.

(59) Jones, R. W; Staley, R. H. J. Am. Chem. Soc. 1982, 104, 2296.

(60) McLuckey, S. A.; Schoen, A. E.; Cooks, R. G. J. Am. Chem. Soc.
1982, 104, 848.

(61) Smith, S. F.; Chandrasekhar, J.; Jorgensen, W. L. J. Phys. Chem.
1982, 86, 3308.

(62) Larson, J. W,; McMahon, T. B. J. Am. Chem. Soc. 1982, 104, 6255.
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Table V. Chloride Affinity Bracket for Fe(CO)s

Lane et al.

neutral anion
(A) (ACI) of (A)

chloride affinity”

(ACI") transfers
CI to Fe(CO);

(CO),FeCOCI-
transfers
CI" to (A)

CH;0OH CH,OH-CI- 16.8
H,0 H,0.CI 14.4
CH;COCH, CH,COCH,-CI 14.1
CeHJCl CeHsCLCI- 13.6
CH, CeHeCl- 9.9

no
no
no
yes
yes

yes
yes
no
no

“In units of kcal/mol™, ref 38c.
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Figure 2. Plot of heterolytic bond energies for acetyl compounds vs.

measured binding energies of the corresponding negative ions to Fe(CO)s
(kcal mol™).

A similar correlation is evident between Fe(CO); anion affinities
and heterolytic bond energies for the corresponding acetyl de-
rivatives, i.e., the anion affinities of the acetyl cation (eq 18). Here,
the model more closely approximates the Fe(CO); system in that

CH,C(0)X —Z» CH,CO* + X (18)

AH = D[CH,CO*-X] =
AH{(CH,CO%) + AH{(X") - AH{CH,C(0)X)

negative ion bonding to a linear CO results in a trigonal acyl
product. The required data are readily obtained from known heats
of formation for anions,!® acetyl cation (CH;CO"),% and the
neutral acetyls.5* Heterolytic bond energies defined in this way
are also given in Table IV, and a plot of these data vs. Fe(CO);
anion affinities is presented in Figure 2. Again, a reasonably
good linear correlation can be seen, at least within the uncertainties
inherent in our D[(CO),FeCO-X"] data. The equation of the
best straight line fitting these data is given in eq 19.

D[(CO),FeCO-X"] = 0.59D[CH;CO*-X"] - 80.3 keal mol™!
(19)

In order to further test the scope and validity of these apparent
correlations, we measured the chloride ion affinity of Fe(CO);
ex post facto, for comparison with the values predicted from eq
17 and 19. Using PA(CI") = 333.4 kcal mol™ !® and eq 17, we
calculate D[(CO),FeCO-CI] = 14.0 kcal mol™!, while using
D[CH,CO*-CI"] = 160.6 kcal mol™ % and eq 19 we arrive at a
value of 14.5 kcal mol™'. For our experimental determination,
an adequate number of chloride affinities for Lewis and Brensted
acids were available from a recent study by McMahon and co-
workers to provide a good reference data base.’® Chloride donor
anions were produced in the upstream end of the flow reactor from

(63) Traeger, J. C.; McLoughlin, R. G.; Nicholson, A. J. C. J. Am. Chem.
Soc. 1982, 104, 5318,

(64) Pedley, J. B.; Rylance, J. “Sussex-NPL Computer Analyzed Ther-
mochemical Data”, V. Sussex, 1977.

reactions between the (M — H)™ ion of trans-1,2-dichloroethylene®
and the reference neutral of interest (eq 20). Similarly, the
iron—acyl chloride ion could be generated by Cl- transfer from
H cl —A—— AT+ C,HCI

\C / HO™ 2

=G T GO o, ) (20)
Y 5o (CORFeCOCI™ + CoHCI

C,HCl, to Fe(CO);. Downstream addition of either Fe(CO);
to a reference chloride donor ion or addition of a reference neutral
to (CO),FeCOCI" allowed a determination of the CI™ affinity
ordering from the observed direction of chloride transfer. The
results are summarized in Table V. Chloride transfer to Fe(CO);
can be observed from (C¢HgCl) and (C¢HsCL-Cl7), but not from
either (CH;COCH,-CI") or (H,0O-Cl"). Furthermore, (CO),Fe-
C(O)CI transfers CI™ to H,O and CH;COCHj, but not to either
C¢H;Cl or C¢H,. From this behavior it is established that the
chloride affinity of Fe(CO); lies between that of acetone (14.1
kecal mol™) and chlorobenzene (13.6 kcal mol™).3¥¢ We therefore
assign a value of 13.9 % 3 kcal mol™! which is in excellent
agreement with the chloride affinity predicted from eq 17 and
19. Thus, either the proton or acetyl cation affinity of a negative
ion may serve as a good predictor of its binding energy with
Fe(CO)s.

The apparent success of these correlations is somewhat sur-
prising in that bonding in metal-acyl anions, 1, Brensted acids,
2, and neutral acetyls, 3, differs significantly with respect to charge
distribution resonance interactions and, possibly, steric effects

_ /O /O
CO)Fe-C H-X CH5-C
(O ~x 2 >Ny
1 3

within the acid-base complexes. For example, intramolecular
hydrogen bonding within ion 1 is conceivable when X = OH or
SH which cannot take place in 2. Similarly, =-type resonance
interactions involving lone-pair substituents attached to the car-
bonyl may be operative in 1 and 3, but not in 2. However, four
different m-donor atom types (Cl, O, S, F) all fit on the same
correlation line as hydrogen. Evidently such differences among
the reference acids are not large enough to appear in the ther-
modynamic trends illustrated by Figures 1 and 2. That is, more
refined measurements for a broader class of anions may be nec-
essary to expose subtle differences among reference acids when
large binding energies (170-400 kcal mol™') are compared to
smaller ones (10-60 kcal mol™).

Equations 17 and 19 can be used to estimate the Fe(CO)s
binding energy to virtually any negative ion for which the proton
affinity or acetyl cation affinity is known. Heats of formation
for the corresponding iron tetracarbonyl acyl negative ions may
then be calculated from eq 21. Representative thermochemical
data calculated for a variety of gas-phase metal acyl ions are

AH{(CO),FeC(O)X"g] =
AH{Xg] + AH{[Fe(CO)s.g] — D[(CO),FeCO-X] (21)

(65) The C,HCI," ion derived from trans-1,2-dichloroethylene has a
measured proton affinity of 364 = 4 kcal mol™' and is believed to be a vinyl
carbanion, as opposed to a chloride/acetylene cluster. From observed ClI°
transfers from this ion, an upper limit to the chloride affinity of chloro-
acetylene of 9 kcal mol™ is established. This value is consistent with the proton
affinity estimate. Lane, K. R.; Squires, R. R., to be published.
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Table VI. Calculated Heats of Formation of Iron Tetracarbonyl Acy! Anions (kcal mol™!)
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anion (X") PA(X")* D[CH,CO*-X]? D[(CO),FeCO-X"]*  AH/(CO)],FeCO-X"g]*
CH;" 416.6 2419 62.4 ~202.4
NH, 403.6 240.9 61.8 ~207.9
H- 400.4 231.3 56.2 ~194.5
CeHs 398.8 230.6 55.8 -175.9
NMe; 396.1 55.4¢ -202.4
HO- 390.7 227.5 53.9 ~259.7
C¢H,CH, 379.4 206.3 41.4 -188.7
MeO™ 3814 222.5 51.0 ~256.5
EtO" 376.1 217.5 48.0 ~266.6
CFy 375.6 41.8¢ -371.9
n-Pro- 374.7 216.6 47.5 ~272.4
n-BuO- 374.0 215.7 47.0 -277.4
t-BuO~ 373.3 215.4 46.8 ~286.9
MeOCH,CH,0" 372.5 2142 46.1 ~299.7
F 371.3 203.5 39.8 -272.3
CH,C(0)CH," (C) 368.8 199.0 37.4¢ -259.2
CF,CH,0" 364.4 200.9 382 -424.7
MeS- 354.9 28.2¢ ~213.4
CH,C(0)CH,(0) 354.9 28.2¢ ~250.0
HS" 353.5 181.7 26.9 -217.0
CN- 353.1 27.0¢ -180.3
CH,CO, 348.5 172.1 21.2 -314.7
Ny 344.0/ 21.0¢ -146.0

aReference 18. ®Equation 18. Equation 19, use of eq 17 gives nearly identical values. Estimated uncertainty 5 kcal/mol. “Equation 21,
AH(X".g) taken from ref 18; AH{Fe(CO)sg) = —173.0 £ 1.5 kcal/mol, ref 64. ¢Equation 17. /Reference 69.

presented in Table VI. These bond energies and heats of for-
mation may be used in a number of different ways as mechanistic
tools for investigating nucleophilic addition reactions involving
Fe(CO); in the gas phase and in solution. For example, using
the upper limit on AH{{(CO),FeCO,H™,g] established in our
previous work,?® we were able to bound the decarboxylation
energy of this ion (eq 22) at 2-17 kcal mol™'. This is an important
reaction since it had long been believed to occur spontaneously

(CO)FeCO,H™ ~ (CO)FeH™ + CO, (22)

in the course of water-gas shift catalysis by Fe(CO); in alkaline
solution.?’?® However, recent studies by Ford and co-workers
suggest that it is a bimolecular process requiring a proton-bearing
Lewis base.6 Using the new data for (CO),FeCO,H" from Table
VI, along with a value for AH{(CO),FeH ,g] = ~178.3 &£ 6 kcal
mol™! from the gas-phase acidity of (CO),FeH,,'"® we calculate
a final value for AH(22) = -12.7 kcal mol™!. As another illus-
tration of the utility of these data, the heats of formation for
iron—acyl anions may be combined with proton affinity mea-
surements to derive estimates of the heats of formation for a variety
of known or postulated homogeneous catalysis intermediates such
as iron hydroxycarbenes®$” and hydridoacyls®%*!%® (eq 23).
Measurements of this type are currently in progress and will be

H

- =0 OH l =0
(CO)4Fe-C<X + BH — (CO)4Fe=C<X or (CO)4Fe-C<X

(23)

(66) Trautman, R. J.; Gross, D. C.; Ford, P. C. J. Am. Chem. Soc. 1985,
107, 2355.

(67) (a) Collman, J. P.; Winter, S. R. J. Am. Chem. Soc. 1973, 95, 4089.
(b) Tam, W,; Lin, G. Y.; Wong, W. K.; Kiel, W. A ; Song, V. K.; Gladysz,
J. A, J. Am. Chem. Soc. 1982, 104, 141.

(68) (a) Milstein, D. Acc. Chem. Res. 1984, 17, 221. (b) Azam, K. A ;
Deeming, A. J.; Rothwell, I. P, J. Chem. Soc., Dalton Trans. 1981, 91.

reported in a separate paper. Finally, iron tetracarbonyl acyl
anions are produced as the initial intermediates in gas-phase
nucleophilic addition reactions of negative ions with Fe(CO);.
Many of these reactions produce products by decarbonylation of
the initially “hot” iron—acyl adducts, and the data derived in the
present study have been invaluable for rationalizing the extent
of CO loss observed in each particular case.??

Conclusion

Measurements of the Fe(CO); binding energies for a series of
gaseous negative ions have been carried out by using a variety
of kinetic and thermodynamic methods. Binary anion transfer
reactions between Fe(CO); and several different types of donor
species are observed from which relative anion binding energies
may be deduced. Iron pentacarbonyl undergoes rapid reactions
with many solvated anion clusters by complete solvent displace-
ment to produce Fe(CO)s—anion adducts. Evidence is presented
which supports a structural assignment for the negative ion-Fe-
(CO)s adducts as iron tetracarbonyl acyl complexes in which
covalent attachment of the anionic nucleophile to a carbonyl ligand
has occurred. The measured anion binding energies, D-
[(CO),FeCO-X"], are found to vary over a 40 kcal mol™ range
and to correlate with both the proton affinities, PA(X"), and acetyl
cation affinities, D[CH;CO*-X"], of the negative ions. These
correlations may be used in conjunction with established anion
thermochemistry to derive estimates of bond energies and heats
of formation for a wide variety of iron tetracarbonyl acyl anion
complexes.
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