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Abstract: The gas-phase acidities of (CO)5MnH, (CO)4FeH2, and (CO)4CoH are determined by ion cyclotron resonance studies 
of their deprotonation by reference anions. These compounds are all extremely strong acids in the gas phase, with A//acid-
[(CO)5MnH] = 318 ± 4 kcal/mol, Atfacid[(CO)4FeH2] = 319 ± 5 kcal/mol, and A#ac id[(CO)4CoH] < 314 ± 1 kcal/mol. 
When combined with the known metal-hydrogen homolytic bond energies, the acidities determine the electron affinities, 
EAt(CO)5Mn] = 2.4 ± 0.3 eV, EA[(CO)4FeH] < 2.8 ± 0.8 eV, and EA[(CO)4Co] > 2.3 eV. Negative-ion mass spectra 
and negative-ion-molecule reactions of these complexes are discussed. The neutral hydrides dissociatively attach thermalized 
(298 K) electrons, with each of the hydrides showing loss of CO on the attachment. Loss of H2 to produce (CO)4Fe" is competitive 
with CO loss on electron attachment to (CO)4FeH2 . In a process consistent with its strong gas-phase acidity, loss of an H 
atom to produce (CO)4Co" is competitive with detachment of CO in electron attachment to (CO)4CoH. 

Introduction 
The determination of gas-phase acidities, as defined by the free 

energy change of reaction 1, has led to an understanding of in
trinsic substituent effects and the influence of solvation on this 
important molecular property.2'14 A classic example is from the 

A H - A " + H+ AGacid = A//acid - TA5acid (1) 

gas-phase acidities of the alcohols, which follow the order neopentyl 
> tert-buty] > isopropyl > ethyl > methyl, exactly the opposite 
of their solution behavior.13 This is interpreted as resulting from 
poor solvation of the anion with increasing bulkiness, which ov
errides the effect of alkyl group polarizability stabilizing the anionic 
center.2'13'14 

Gas-phase acidities are also important in that the enthalpy 
change for the acidity, A//acid[AH], is related to the electron 
affinity of A, EA[A], and the homolytic bond energy, Z)[A-H], 
as shown in Scheme I and eq 2; determining any two of these 
quantities allows additional thermochemistry to be derived. 

A//acid[A-H] = D[A-H] - EA[A] + 313.6 kcal/mol (2) 

We report here the gas-phase acidities of three organometallic 
carbonyl hydrides, (CO)5MnH, (CO)4FeH2, and (CO)4CoH, 
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A + W + e 

determined by using the techniques of ion cyclotron resonance 
spectroscopy.15 Acidities of these complexes in aqueous16"18 and 
acetonitrile19 solutions have been reported; both (CO) 5 MnH and 
(CO)4FeH2 are weak acids, and (CO)4CoH is a strong acid, being 
fully dissociated in aqueous solution.20 Poor solvation of the bulky 
carbonyl anions is expected to be a major factor in determining 
the aqueous acidities of these complexes; it is of interest to quantify 
this effect. These data and the electron affinities could provide 
a relatively direct means of corroborating the metal-hydrogen bond 
dissociation energies which have been reported for ( C O ) 5 M n H 
and (CO) 4 CoH 2 1 and a means of determining the bond energy 
in (CO) 4 FeH 2 . 

Experimental Section 

The techniques of ion cyclotron resonance (ICR) spectroscopy have 
been described.15 The spectrometer used in this study was built in our 
laboratories and utilizes a 15-in. electromagnet capable of 23.4-kG 
maximum field. Standard marginal oscillator detection was employed. 
Pressures were measured with a Schulz-Phelps-type ion gauge calibrated 
against an MKS Baratron Model 90Hl-E capacitance manometer; the 
estimated uncertainty in absolute pressure is ±20%. All electron energies 
are uncalibrated. All reactions were identified by double-resonance 
techniques;15 neutrals were not detected. These experiments were per
formed at ambient temperature (298 K). 

Negative- and positive-ion mass spectra were recorded in the drift 
mode. Negative-ion mass spectra with thermalized electrons were taken 
in the trapping mode, and spectra were recorded following a 3-ms pulse 
of 70-eV electrons. The electrons were thermalized by using high pres
sures of CO2, as described in the literature.22 Pressures of the metal 
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complexes were kept low ((1-4) X 10"8 Torr) to ensure electron ther-
malization before attachment and to prevent rapid reaction of the anions 
by cluster-forming reactions. All ion-molecule reactions reported here 
were studied by using the trapping mode and typically observed for 
500-1000 ms following a 3-10-ms electron pulse. Reagent anions were 
made by electron impact on an appropriate neutral: F" from NF3, Cl" 
from CCl4, Br from CH3Br, I" from CH3I, and CF3CO2" from CF3C-
O2H. Pressures of the reagent neutrals were in the range of 2-10 times 
the pressure of the metal carbonyl hydrides, and the electron-impact 
energy (typically near 5 eV) was optimized for the highest yield of each 
desired reagent anion. Under these conditions, the initial electron pulse 
produced predominantly reagent anions rather than metal-containing 
anions. Scattered free electrons can also be trapped in the ICR spec
trometer and undergo dissociative attachment reactions with the metal 
carbonyl hydrides. We found that optimization of all reaction conditions 
(pressures of reagent and metal complexes, electron pulse length and 
energy, trapping voltages) proved more effective than electron ejection 
techniques23 at minimizing complications from the electron attachment 
reactions. Furthermore, the electron attachment reactions are extremely 
rapid, and the free electrons are scavenged within ~ 100 ms of the initial 
electron pulse, while all reactions reported here were confirmed by double 
resonances at long reaction times. The kinetics of the reactions reported 
here could not be determined, since gaseous decomposition products 
precluded measurements of the neutral hydride pressure. Even in the 
event that decomposition products were not present, cluster-forming 
reactions between the metal anions and the parent neutral hydride and 
ligand displacement, ligand exchange, and nucieophilic displacement 
reactions involving the other neutral reagents made the reaction schemes 
too complex to determine accurate reaction rates. All of the proton-
transfer reactions reported here are qualitatively fast (at or near the 
collision rate), which is indicative of exothermic proton transfer. The 
cluster-forming reactions appeared qualitatively slow. 

Pentacarbonylhydridomanganese was prepared by reaction of Na[(C-
O)5Mn] with phosphoric acid.24 Final purification was effected by 
pumping on the dry ice/acetone-cooled sample until no impurities were 
observed in the mass spectrum. 

Tetracarbonyldihydridoiron was prepared by acidification of (CO)4-
FeH" as described in the literature.25 The sample was purified by cooling 
with dry ice/acetone and pumping on the sample to remove volatile 
impurities. The sample of (CO)4FeH2 was stored on dry ice. A fresh 
sample was prepared each day by warming the stock sample to -38 0C 
and vacuum-transferring the (CO)4FeH2. This sample was held at -38 
0C during the experiments. Despite all these precautions, substantial 
decomposition occurred, as evidenced by CO and Fe(CO)5 in the mass 
spectra; this was attributed in large part to decomposition in the inlet 
system and near the hot filaments of the ICR cell. 

Tetracarbonylhydridocobalt was prepared from [Co(pyridine)6] [Co-
(CO)4Jj as described in the literature.26 (CO)4CoH was purified by 
several vacuum distillations from the sample held at -45 0C and stored 
in dry ice. A sample bulb was prepared daily from this stock by warming 
it to O 0C and vacuum-transferring the (CO)4CoH. This bulb was held 
at O 0C during the course of the experiments; colder baths gave insuf
ficient vapor pressure for easy handling. The sample was degassed sev
eral times during use. Again, decomposition was extensive, with CO+ 

and CO2
+ being the most abundant ions in the positive-ion mass spec

trum. 
Decacarbonyldimanganese was obtained from Alfa Inorganics and 

used as supplied. All other reagents were used without purification, 
except for degassing with several freeze-pump-thaw cycles. 

Results 

Mass Spectra and Negative-Ion-Molecule Chemistry of (C-
O)5MnH. The positve-ion mass spectra of (CO)5MnH recorded 
on our instrument agree well with those reported in the litera
ture.27-28 The 70-eV negative-ion mass spectrum of (CO)5MnH, 
taken in the drift mode at a pressure of 3 X IfJ"7 Torr, shows the 
ions (CO)5Mn" (6%), (CO)4MnH" (91%), and (CO)3MnH" (3%). 
The spectrum is unchanged from 70 to 0.5 eV. The negative-ion 
spectrum with thermalized electrons (1:90 to 1:400 mixture of 
(CO)5MnH with CO2) shows 100% (CO)4MnH". 

(23) Beauchamp, J. L.; Armstrong, J. T. Rev. Sci. tnstrum. 1969, 40, 123. 
(24) Davison, A.; Faller, J. W. lnorg. Chem. 1967, 6, 845. 
(25) Farmery, K.; Kilner, M. J. Chem. Soc. A 1970, 634. 
(26) Sternberg, H. W.; Wender, I.; Friedel, R. A.; Orchin, M. J. Am. 

Chem. Soc. 1953, 75, 2717. 
(27) Saalfeld, F. E.; McDowell, M. V.; DeCorpo, J. J.; Berry, A. D.; 

MacDiarmid, A. G. lnorg. Chem. 1973, 12, 48. 
(28) Mays, M. J.; Simpson, R. N. F. J. Chem. Soc. A 1967, 1936. 

Stevens Miller and Beauchamp 

Table I. Gas-Phase Acidities of Reference Species" 
HX 

HF 
HCl 
HBr 

A^aci<i[HX] 

371.5 ±0 .2 
333.4 ±0 .2 
323.5 ±0 .1 

HX 

CF3CO2H 
HI 

AtfacidfHX] 

322.9 ± 4.1 
314.4 ±0 .1 

"All data are in kcal/mol at 298 K and are taken from ref 9. En
thalpies for HF, HCl, HBr, and HI are calculated from bond energies 
and electron affinities as given by Scheme I and eq 2. AGlM for CF3-
CO2H (316.3 ± 1.9 kcal/mol) is determined by ion-molecule equilib
rium reactions and used to determine A//Jci<i by eq 1, using a calculated 
entropy (which incurs the additional error in the enthalpy). The equi
librium method applied to HBr suggests that CF3CO2H may be less 
acidic than HBr by ~0.5 kcal/mol,9 but this is so slight that it does 
not change the acidity of (CO)5MnH reported here, for which CF3C-
O2H is used as a reference. 

Table II. Selected Values for Gas-Phase Acidities of Metal Carbonyl 
Hydrides" 

complex 

(CO)5MnH 
(CO)4FeH2 

AH11Id[HX] 

318 ± 4 
319 ± 5 

complex 

(CO)4CoH 
(CO)4FeH 

Affacid[HX] 

<314± 1 
>319 ± 5 

"All data are in kcal/mol at 298 K. 

A study of the negative-ion-molecule chemistry of (CO)5MnH 
at 4 X 10"7 Torr shows at long reaction times the formation of 
very small amounts of Mn2(CO)9" and Mn2(CO)8" arising from 
(CO)4MnH" and of Mn2(CO)7" arising from (CO)3MnH" (eqs 
3a, 3b, and 4). We could not unequivocally attribute these 

[—"• Mn2(CO)9" + H2 (major channel) 
(CO)4MnH- + (CO)5MnH -\ (3a) 

•-*- Mn2(CO)8" + CO + 
H2 (minor channel) (3b) 

(CO)3MnH" + (CO)5MnH — Mn2(CO)7" + CO + H2 (4) 

products to reactions with the hydride; the reactions are slow, and 
addition of Mn2(CO)10 increases the abundance of these ions 
dramatically. These facts suggest that these ions could be due 
to electron transfer with Mn2(CO)10, possibly present in trace 
amounts from decomposition of (CO)5MnH. 

Acidity of (CO)5MnH. The negative ions X - = P , Cl", and 
CF3CO2" all react with (CO)5MnH to give only the proton-transfer 
product (CO)5Mn", according to eq 5. In a 10:1 mixture of 

(CO)5MnH + X" — (CO)5Mn" + XH (5) 

CF3CO2H with (CO)5MnH at a total pressure of 4.4 X 10"7 Torr, 
the ion intensity ratio of (CO)5Mn" to CF3CO2 ' was 1.3:1 after 
a 500-ms trapping time; ion loss from reactions and trapping 
inefficiency is too great to allow observation of the ions at longer 
times. The double-resonance experiments indicate that virtually 
all (CO)5Mn" observed at this time is a result of proton abstraction 
by CF3CO2" (eq 5), but no CF3CO2" is produced by the reverse 
of reaction 5. This means that the reaction is still proceeding in 
the forward direction and an equilibrium situation has not been 
achieved. A limit on the free energy change for this particular 
proton-transfer reaction is therefore given by A<7° < -RT In 
i[(CO)5Mn-][CF3C02H]/[CF3C02"][(CO)5MnH](, with the 
concentration ratios given by the ion intensities and the measured 
neutral pressures. A slight entropy change (-0.8 eu) is calculated 
from the rotational symmetry numbers of reactants and products 
and used in conjunction with the limit of AG°, resulting in AH 

< -1.8 kcal/mol, that is, A//acM[(CO)5MnH] < A#acid[CF3CO2H] 
- 1.8 kcal/mol. 

For X" = I", neither reaction 5 nor any other reaction occurs. 
The reverse reaction, in which (CO)5Mn" would abstract a proton 
from HI to give I", cannot be observed on the ICR time scale (Zc 
< 10"" cm^molecule-'-s"1), nor is any reaction of (CO)5Mn" with 
HI observed. 

The acidity of (CO)5MnH is bracketed between that of HI and 
1.8 kcal/mol less than that of CF3CO2H; AHiM values for the 
reference acids are given in Table I. A value of A//acid-
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Table III. 70-V Positive-Ion Mass Spectral Data for (CO)4FeH2 

m/e 

169 
168 
140 
113 
112 

ion 

(CO)4FeH+ 

(CO)4Fe+ 

(CO)3Fe+ 

(CO)2FeH+ 

(CO)2Fe+ 

% ion 
current 

1 
3 
2 

14 
15 

m/e 

85 
84 
68 
56 

ion 

(CO)FeH+ 

(CO)Fe+ 

FeC+ 

Fe+ 

% ion 
current 

12 
27 

3 
23 

[(CO)5MnH] = 318 ± 4 kcal/mol is chosen and is presented in 
Table II. The absence of additional reference species with an 
acidity within this range precluded further refinement of this 
value.29 

Particularly in the absence of either an equilibrium situation 
or observation of the back-reactions, there is concern that (C-
O)5Mn" arises by reaction with any Mn2(CO)10 from decompo
sition of the hydride. Two pieces of evidence counter this pos
sibility. First, although the kinetics of proton abstraction could 
not be determined quantitatively, the observed reactions of P , 
Cl", and CF3CO2", as given by eq 5, are qualitatively much too 
fast to be attributed to reaction with any trace Mn2(CO)10 im
purity. Second, we examined the reactions of the halides, including 
I", with Mn2(CO)|0. Reactions of the halides do occur, producing 
(CO)5Mn", as shown for I" in eq 6. The fact that (CO)5Mn" 

Mn2(CO)10 + I" — (CO)5Mn" + (CO)5MnI (6) 

was not observed from the reaction of I" with the sample of 
(CO)5MnH gives some confidence that Mn2(CO)10 is not a 
contributor to the reactions we observed with the other X" ions. 

Mass Spectra and Negative-Ion-Molecule Chemistry of (C-
O)4FeH2. The 70-eV positive-ion mass spectrum of (CO)4FeH2 
has not been reported; the relative ion abundances from the 
spectrum obtained by using ICR spectroscopy are reported in 
Table III. Ion abundances are somewhat uncertain, as these were 
determined by subtracting ion intensities due to (CO)5Fe from 
the observed mass spectrum; typically, ~50% of the total ion 
current of iron-containing ions was attributed to (CO)5Fe. The 
spectra also show CO+ as 20-60% of the total ion current. The 
(CO)nFeH2

+ ions are not observed (abundance <1%), nor is FeH+. 
The 70-eV negative-ion mass spectrum of this sample shows 

the ions (CO)4FeH" (6%), (CO)4Fe" (45%), (CO)3FeH2" (31%), 
and (CO)3Fe" (18%). The negative-ion mass spectrum of (CO)5Fe 
under identical conditions gives the ions (CO)4Fe" (92%) and 
(CO)3Fe" (8%). Since there is no ion unique to (CO)5Fe, there 
is no way to subtract the (CO)5Fe contribution from the nega
tive-ion mass spectra of (CO)4FeH2. Clearly, (CO)4FeH2 frag
ments much more easily to give (CO)3Fe" and is therefore expected 
to show a large contribution to the (CO)4Fe" intensity as well. 

The negative-ion spectrum with thermalized electrons (~1:50 
to 1:100 pressure ratios with CO2, 0-80-ms trapping times) yields 
(CO)4Fe" (80%) and (CO)3FeH2" (20%). The intensity of (C-
O)4Fe" is so great as to indicate much of it arises from (CO)4FeH2 
and not just from (CO)5Fe. 

At long trapping times, small amounts of (CO)4Fe2H2" are 
formed, apparently by reaction 7 and/or reaction 8. 

(CO)3FeH2" + (CO)5Fe -* (CO)4Fe2H2" + 4CO (7) 

(CO)3FeH2" + (CO)4FeH2 — (CO)4Fe2H2" + 3CO + H2 

(8) 

Most interestingly, (CO)4Fe" reacts by apparent proton ab
straction from (CO)4FeH2 (reaction 9). 

(CO)4Fe" + (CO)4FeH2 — (CO)4FeH" + (CO)4FeH (9) 

Acidity of (CO)4FeH2. The ions X" = Cl" and Br" react with 
(CO)4FeH2 to give only the proton-transfer product (CO)4FeH" 

(29) Meckstroth and Ridge (Meckstroth, W. K.; Ridge, D. P. J. Am. 
Chem. Soc. 1985, 107, 2281) studied the reactions Of(CO)5Mn" in the gas 
phase. They did not observe reactions of the anion with the proton donors 
ethanol, acetic acid, methyl mercaptan. and hydrogen chloride, results con
sistent with the acidity of (CO)5MnH reported in this work. 
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according to eq 10. For X" = I", neither reaction 10 nor any 

(CO)4FeH2 + X" — (CO)4FeH" +HX (10) 

reaction of I" occurs. No reaction of (CO)4FeH" with HI (in
cluding the reverse of eq 10) could be observed (k < 10"n 

cm3-molecule"'-s"'). Since A.rYacid[CF3C02H] is nearly the same 
as A//acid[HBr], the reaction of CF3CO2" with (CO)4FeH2 was 
not examined because it would not have narrowed the acidity 
bracketing significantly. Use of the equilibrium technique to 
further limit the enthalpy difference was not useful here, since 
(CO)4FeH2 decomposes so extensively that pressure measurements 
to determine the concentration of (CO)4FeH2 are meaningless. 

The acidity of (CO)4FeH2 is bracketed between that of HI and 
HBr (Table I) essentially in the same range as the acidity of 
(CO)5MnH. A value of A//acid[(CO)4FeH2] = 319 ± 5 kcal/mol 
is chosen and presented in Table II. 

Mass Spectra and Negative-Ion-Molecule Chemistry of (C-
O)4CoH. The 70-eV positive-ion mass spectrum of (CO)4CoH 
recorded on our instrument agrees well with that previously re
ported.30 Our spectrum showed substantial amounts of CO (57% 
of the total ion current) and CO2 (9%). These impurities do not 
interfere with the negative-ion chemistry, but precluded mea
surement of rate constants, since the actual pressure of (CO)4CoH 
in the sample is unknown. 

The 70-eV negative-ion mass spectrum of (CO)4CoH shows 
the ions (CO)4Co" (26%), (CO)3COH" (72%), and (CO)2COH" 
(2%). This spectrum was reported previously by Saalfeld et al., 
but (CO)2COH" was incorrectly identified as (CO)2Co".30 The 
intensity of (CO)2CoH" falls with decreasing electron energy (with 
none detectable at 10 eV) but rises again at about 4 eV to ~22% 
of the total ion intensity at 3-eV electron energy. The ratio of 
(CO)4Co" and (CO)3CoH" does not vary significantly over these 
electron energies. 

The negative-ion mass spectrum with thermalized electrons 
shows the ions (CO)4Co" (16%) and (CO)3COH" (84%). The ratio 
of these products does not vary over the range of CO2 pressures 
(1:50 to 1:200 pressure ratios) or trapping times (0-400 ms) 
investigated. Since there is no evidence for any Co2(CO)8 in either 
the positive-ion mass spectrum or the negative-ion mass spectra, 
the quite large intensity of (CO)4Co" indicates it can only be due 
to H atom loss from (CO)4CoH. 

At higher pressures of (CO)4CoH, the ion (CO)3CoH" produces 
Co2(CO)6" and, at short times, (<200 ms) a small amount of 
Co2(CO)5". We attribute these reactions to eqs 11 a and lib. We 

r— Co2(CO)6" + CO + 
(CO)3CoH" + (CO)4CoH - | H2 (major channel) (11a) 

L - Co2(CO)5" + 2CO + 
H2(minorchannel) (lib) 

could not rule out the possibility that these dinuclear ions are due 
to charge transfer to Co2(CO)8, possibly formed in trace amounts 
by sample decomposition. 

Acidity of (CO)4CoH. The ions X" = Cl" and I- react with 
(CO)4CoH according to eq 12. In a mixture of (CO)4CoH and 

(CO)4CoH + X" — (CO)4Co" + HX (12) 

HI, no reaction of (CO)4Co" can be observed. The data indicate 
A//acid[(CO)4CoH] < AiV10J11[HI], and therefore Atfacid-
[(CO)4CoH] < 314 ± 1 kcal/mol (Tables I and II). Quantitative 
rates for the reactions given by eq 12 could not be determined 
due to the CO and CO2 decomposition products of (CO)4CoH. 
However, the qualitatively fast kinetics indicate that the (CO)4Co" 
product does not arise from any Co2(CO)8 which might possibly 
have been formed as a trace decomposition product in the ICR 
cell. 

Discussion 
Negative-Ion Mass Spectra and Ion-Molecule Reactions. The 

negative-ion mass spectra of these complexes are similar to those 

(30) Saalfeld, F. E.; McDowell, M. V.; Gondal, S. K.; MacDiarmid, A. 
G. J. Am. Chem. Soc. 1968, 90, 3684. 
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Scheme II 
+ A H .c id,aq [ ( C 0 ,5M"H ) 

(CO)5MnH (tq) » • (CO)5Mn <»q) + H («q) 

-4Hh?dr[<CO)5MnH] 

(CO)5MnH (g) 
+AHac|(| [(CO)5MnH] 

+4H„ydr[(CO)5Mn 1 

(CO)5Mn- (g) + H+ (g) 

+ilWH+i 

reported for other metal carbonyls:27-32 no molecular ion is ob
served, the predominant fragmentation occurs by loss of CO, and 
to a much lesser extent, loss of the a-bonding ligand occurs. For 
(CO)4FeH2, loss of H2 is competitive with CO loss. 

In the ion-molecule chemistry of the reactions of the metal 
anions with the parent neutrals, formation of dinuclear ions by 
(CO)3FeH2

- is similar to the chemistry observed for other tran
sition-metal carbonyl negative ions.32 In this case, ligand loss on 
formation of (CO)4Fe2H2

- is extensive and must result from a 
particularly strong Fe-Fe bond and/or particularly weak Fe-
ligand bonds in the dinuclear species. No thermochemistry for 
the dinuclear anion is available to confirm this supposition. 
Cluster-forming reactions are common in the chemistry of un
saturated metal negative ions,32 and therefore we attribute the 
dinuclear ions produced by reaction of (CO)4MnH- and (C-
O)3MnH- to cluster-forming reactions with the parent neutral 
hydride (eqs 3 and 4). Since addition of Mn2(CO)10 increases 
the abundance of the cluster ions, there is a possibility that traces 
Mn2(CO)10 from decomposition of (CO)5MnH were responsible 
for the observed ion products. We similarly attribute the dinuclear 
ions Co2(CO)6

- and Co2(CO)5
- to reaction with (CO)4CoH (eq 

11). These cluster ions do not contain any H atoms, suggesting 
that they could be the result of charge transfer to Co2(CO)8, which 
might possibly be a trace decomposition product in (CO)4CoH. 
We were unable to verify this, as Co2(CO)8 itself tends to de
compose on sublimation, making it difficult to handle in the ICR 
spectrometer. 

Gas-Phase Acidities and Solvation Effects on Acidities. Each 
of these carbonyl hydrides is an extremely strong acid in the gas 
phase, with (CO)5MnH and (CO)4FeH2 being comparable in 
acidity to HBr and HI. Even more strikingly, (CO)4CoH is more 
acidic than HI. By contrast, (CO)5MnH in aqueous solution is 
a very weak acid, with a pKa of 7.1;'6 pfcal for aqueous (CO)4FeH2 
is reported by different workers to be either 4.417 or 4.0.18 

Consistent with its much greater gas-phase acidity, (CO)4CoH 
in aqueous solution has a pAfa of <0.4,17 making it comparable 
in acidity to HCl and HNO3. The p£a's have also been measured 
in acetonitrile by Moore et al." and have been determined to be 
pKa[(CO)5MnH] = 15.1, pKal [(CO)4FeH2] = 11.4, and ptfa-
[(CO)4CoH] = 8.3. The fact that in two solvent systems (C-
O)4FeH2 is a stronger acid than (CO)5MnH suggests that this 
is the likely acidity order in the gas phase, but such an effect cannot 
be seen within the present bracketing range. 

The large difference in solution and gas-phase acidities is due 
mainly to poor solvation of the organometallic anions. To 
quantitatively illustrate this point, Scheme II shows the ther-
mochemical cycle in which the aqueous and gas-phase enthalpies 
for the acidity of (CO)5MnH are linked with the hydration en
thalpies of (CO)5MnH, (CO)5Mn", and H+. This scheme is used 
to derive eq 13, from which the hydration enthalpy of (CO)5Mn-

A//hydr[(CO)5Mn-] = A//acid,aq[(CO)5MnH] -
AZW(CO)5MnH] + A//hydr[(CO)5MnH] - A#hydr[H

+] 
(13) 

is derived by substitution of the four known enthalpies.33 This 

(31) Gregor, I. K.; Guilhaus, M. Mass Spectrom. Rev. 1984, 3, 39. 
(32) Squires, R. R. Chem. Rev. 1987, 87, 623. 

substitution yields an estimate of Ai/nJ,dr[(CO)5Mn-] = -35 
kcal/mol, a fairly small hydration enthalpy, which is indicative 
of poor solvation of the anion. The Born theory of solvation yields 
a relationship linking hydration enthalpy to ion radius,34 which 
gives a solvation radius of about 4.7 A for (CO)5Mn-. This value 
is in surprisingly good agreement with expectations from the 
reported crystal structure of this anion.35 A similar comparison 
can be made for the energetics of solvation of (CO)4FeH-. An 
estimate for (CO)4Co- cannot be made, since both gas-phase and 
aqueous acidities are upper bounds. 

The strong gas-phase acidities result from relatively weak 
metal-hydrogen bonds and high electron affinities of the met-
al-carbonyl radicals, evident from Scheme I and eq 2. As an 
example, a bond energy /5[(CO)5Mn-H] = 59 kcal/mol has been 
determined from gas-phase thermochemical data.21 Using this 
value in eq 2 yields EA[(CO)5Mn] = 2.4 ± 0.3 eV. It is somewhat 
surprising, therefore, that ICR studies by Dunbar and Hutchinson 
of (CO)5Mn- have indicated no "photodisappearance" of the ion 
when it is irradiated by photons in the range 1.55-4.1 eV.36 This 
was interpreted as a lack of optical absorption of (CO)5Mn- within 
this range, since a number of metal carbonyl anions photodissociate 
by CO loss when irradiated.36'37 The calculation of a 2.4-eV 
electron affinity indicates also that the cross section for electron 
detachment must be extremely small at these energies; the vertical 
electron affinity must be substantially greater than the adiabatic 
electron affinity. This is a reflection of a sizable geometric re
arrangement on electron loss from (CO)5Mn- to give the (CO)5Mn 
radical. The crystal structure of [Ni(1,10-phenanthroline)3]-
[Mn(CO)5J2 shows (CO)5Mn- to be trigonal-bipyramidal (D34).

35 

Infrared, ESR, and optical spectra of matrix-isolated (CO)5Mn 
show that it adopts a square-pyramidal (C^) geometry, with the 
IR analysis indicating the apical-equatorial angle ~960.38 A 
large difference between the adiabatic and vertical electron af
finities is evident for SF6, with an adiabatic electron affinity of 
~ 1.05 eV39 but a vertical electron affinity of ~3.3 eV.40 This 
large difference arises from an increase of about 0.14 A in the 
S-F bond distances on formation of the anion, although both the 
neutral and the anion are octahedral.41 Another example is 
afforded by (CO)4Fe-, which gives a very broad photoelectron 
spectrum and only a very weak signal.42 This ion, for which the 
relaxation energy is expected to be more comparable to that of 
(CO)5Mn', undergoes competitive CO loss at the 3.408-eV ir
radiating energy; no vertical electron affinity was reported, and 
the adiabatic electron affinity is difficult to assign. 

No independent thermochemical determination has been made 
of 0[(CO)4FeH-H]. Data presented later in this paper can be 
used to determine an upper limit for the bond energy, D[(C-
O)4FeH-H] < 70 ± 14 kcal/mol, which provides an upper limit 

(33) Values used in eq 13: Ai/,ckJ<[(CO)5MnH] = +318 kcal/mol, from 
this work, A//acida„[(CO)5MnH] ^ +16 kcal/mol, estimated from 
AG11^1J(CO)5MnH] a* +9.6 kcal/mol'6 and an assumed A5,cidaq at +20 
cal/(mol-K); A//h„jr[(CO)sMnH] a* +5 kcal/mol, estimated from the solu
bility;'6 AH^[H+] as -261.6 kcal/mol (from data in: Marcus, Y. Pure Appl. 
Chem. 1982, 54, 2327. Criss, C. M.; Salomon, M. Thermodynamic 
Measurements—Interpretation of Thermodynamic Data. In Physical Chem
istry of Organic Solvent Systems; Covington, A. K., Dickenson, T., Eds.; 
Plenum Press: London, 1973. Chase, M. W., Jr.; Davies, C. A.; Downey, J. 
R., Jr.; Frurip, D. J.; McDonald, R. A.; Syverud, A. N. JANAF Thermo
chemical Tables, 3rd ed., Part II. J. Phys. Chem. Ref. Data 1985,14, Suppl. 
No. 1). 

(34) Moelwyn-Hughes, E. A. Physical Chemistry, 2nd ed.; Pergamon 
Press: New York, 1961. 

(35) Frenz, B. A.; lbers, J. A. lnorg. Chem. 1972, 11, 1109. 
(36) Dunbar, R. C, Hutchinson, B. B. J. Am. Chem. Soc. 1974, 96, 3816. 
(37) Richardson, J. H.; Stephenson, L. M.; Brauman, J. I. / . Am. Chem. 

Soc. 1974, 96, 3671. Rynard, C. M.; Brauman, J. I. Inorg. Chem. 1980, 19, 
3544. 

(38) Baird, M. C. Chem. Rev. 1988, 88, 1217 and references therein. 
(39) Grimsrud, E. P.; Chowdhury, S.; Kebarle, P. J. Chem. Phys. 1985, 

83, 1059. 
(40) Freiser, B. S.; Beauchamp, J. L. Unpublished results, quoted in ref 

41. See also: Drzaic, P. S.; Brauman, J. I. J. Am. Chem. Soc. 1982, 104, 
13. 

(41) Hay, P. J. J. Chem. Phys. 1982, 76, 502. 
(42) Engelking, P. C; Lineberger, W. C. J. Am. Chem. Soc. 1979, 101, 

5569. 
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for the electron affinity, EA[(CO)4FeH] < 2.8 ± 0.8 eV. 
A value for 0[(CO)4Co-H] m 54 kcal/mol derived from 

thermochemical data21 establishes EA[(CO)4Co] > 2.3 eV. 
(CO)4Co" is observed to "photodisappear" when irradiated; it has 
an optical absorption peak at 3.8 eV and a threshold at about 
3.0-eV photon energy.36 Attempts to identify the photoproducts 
in these ICR experiments were unsuccessful, but the 
"photodisappearance" was assumed to be due to CO loss, as for 
other metal carbonyls, and not to electron detachment. 

The acidities of (CO)5MnH and (CO)4CoH have been calcu
lated by McKinney and Pensak,43 who find (CO)4CoH more acidic 
than (CO)5MnH by 6.5 kcal/mol, and by Zeigler et al.,44 who 
find (CO)4CoH the more acidic by ~9 kcal/mol. Both calcu
lations indicate the acidity difference is principally due to a much 
larger electron affinity for (CO)4Co than for (CO)5Mn. 

Although proton transfer from the carbonyl hydrides is rapid, 
none of the 18-electron anions (CO)5Mn", (CO)4FeH", or (C-
O)4Co" has been observed to abstract a proton from a neutral 
compound, including HI or another carbonyl hydride. This slow 
proton transfer to the anion is also the case for these and similar 
compounds in solution.45 Geometric rearrangement between the 
neutral hydride complexes46'47 and the conjugate anions35,48'49 is 
considerable and would contribute to the slow reactivity. For 
example, (CO)5MnH has C41, symmetry and has nearly octahedral 
coordination of the six ligands;46'47 (CO)5Mn" has D3h symmetry, 
with trigonal-bipyramidal coordination of the carbonyl ligands.35 

Within experimental error, the C-O and Mn-C bond distances 
are unchanged between the hydride and the anion. Concomitant 
with the effects of geometry is derealization of the negative 
charge, which generally contributes to very slow proton-transfer 
reactions." With (CO)5Mn" as an example, the electron con
figuration of the manganese is d8, with the electrons back-bonding 
into the CO TT* orbitals. The d electrons remain essentially core 
electrons, and there is in fact no stereochemically active lone pair 
of electrons to protonate. 

Dissociative Attachment of Thermalized Electrons. The absence 
of either equilibrium proton transfer or even any observation of 
proton abstraction by a closed-shell metal anion means we were 
unable to place a lower bound on the acidities of (CO)5MnH and 
(CO)4FeH2 by the observation of the back-reactions (proton 
abstractions by the metal anions), as is typically done in bracketing 
experiments. Instead, we had to assume the forward reactions 
(5) and (10) with I" are endothermic, rather than being kinetically 
too slow to observe on the ICR time scale. In the case of (C-
O)4CoH, the lack of reference species with acidities less than that 
of HI also caused us to seek an independent method of establishing 
an upper limit for the acidity of this extraordinarily strong acid. 
These concerns prompted our examination of the reactions of the 
carbonyl hydrides with thermalized (298 K) electrons in order 
to corroborate the gas-phase acidity limits for these molecules. 
In particular, the observation of reaction 14 can provide limits 

AH + e(thermal, 298 K) — A" + H (14) 

for the gas-phase acidity of AH.50 The enthalpy of eq 14, AJZ14, 
is shown by a simple thermochemical cycle to be linked to the 
homolytic A-H bond energy and the electron affinity of A, as 
given by eq 15. In eq 15, the 1.48 kcal/mol is the thermal 

AW14 = D[A-H] - EA[A] - 1.48 kcal/mol (15) 

(43) McKinney, R. J.; Pensak, D. A. Inorg. Chem. 1979, 18, 3413. 
(44) Zeigler, T.; Tschinke, V.; Becke, A. / . Am. Chem. Soc. 1987, 109, 

1351. 
(45) Jordan, R. F.; Norton, J. R. J. Am. Chem. Soc. 1982, 104, 1255. 

Jordan, R. F.; Norton, J. R. ACS Symp. Ser. 1982, 198, 403. 
(46) McNeill, E. A.; Scholer, F. R. J. Am. Chem. Soc. 1977, 99, 6243. 
(47) La Placa, S. J.; Hamilton, W. C; Ibers, J. A.; Davison, A. Inorg. 

Chem. 1969,5, 1928. 
(48) Smith, M. B.; Bau, R. J. Am. Chem. Soc. 1973, 95, 2388. 
(49) Calderazzo, F.; Fachinetti, G.; Marchetti, F.; Zanazzi, P. F. J. Chem. 

Soc, Chem. Commun. 1981, 181. 
(50) This method has been used to show the 315 kcal/mol limit for a 

number of strong acids: Adams, N. G.: Smith, D.; Viggiano, A. A.; Paulson, 
J. F.; Henchman, M. J. J. Chem. Phys. 1986, 84, 6728. 

enthalpy of the electron at 298 K.51 For reaction 14 to be 
observed, it must be exothermic (AH14 < O); that is, the energy 
needed to break the A-H bond is compensated by the thermal 
energy of the electron and the exothermicity of electron attachment 
to A. This energetic requirement can be seen from eq 15 to be 
equivalent to D[A-H] - EA[A] < 1.48 kcal/mol, which, when 
substituted into eq 2, is equivalent to the requirement that 
A//acid[AH] < 315 kcal/mol. 

Quite dramatically, (CO)4Co" is produced as 16% of the product 
from capture of thermalized electrons by (CO)4CoH. This dictates 
that A//acid[(CO)4CoH] < 315 kcal/mol and is excellent cor
roboration of the 314 kcal/mol upper limit for the enthalpy, which 
was determined by the proton abstraction from (CO)4CoH by I" 
(eq 12). 

Neither (CO)5Mn" nor (CO)4FeH is produced from the 
corresponding neutral by capture of thermalized electrons. This 
indicates that A#acid[(CO)5MnH] and A//acid[(CO)4FeH2] are 
both > 315 kcal/mol, again in agreement with the results of the 
proton transfer reactions (5) and (10). This further confirms that 
the proton abstractions by I", according to reactions 5 and 10, 
are not observed with (CO)5MnH and (CO)4FeH2 because they 
are endothermic. The reverse of reactions 5 and 10, that is, 
reaction of either (CO)5Mn" or (CO)4FeH" with HI, should be 
exothermic but are not observed. This lack of reaction is ap
parently due to kinetic factors, as discussed above in considering 
the geometries of the neutral hydrides and corresponding anions. 

Similar analysis of the energetic requirements for the production 
of (CO)4Fe" by attachment of thermal electrons to (CO)4FeH2 
indicate that /5[(CO)4Fe-H2] < EA[(CO)4Fe] + 1.48 kcal/mol. 
Engelking and Lineberger attempted to determine EA [(CO)4Fe] 
by laser photoelectron spectroscopy42 and found the photoelectron 
spectrum of (CO)4Fe" is very weak and quite broad; they chose 
a value EAf(CO)4Fe] = 2.4 ± 0.3 eV. These authors and 
Compton and Stockdale52 suggested the adiabatic EA[(CO)4Fe] 
is approximately equal to the first Fe-CO bond dissociation energy 
of Fe(CO)5, 0[(CO)4Fe-CO]. A gas-phase kinetic study of 
(CO)5Fe yields the bond energy 0[(CO)4Fe-CO] = 41.5 ± 2 
kcal/mol (1.8 ± 0.1 eV).53 This bond energy is probably a lower 
limit for the electron affinity of (CO)4Fe. For this work, we use 
EA[(CO)4Fe] = 2.4 ± 0.3 eV (55 ± 7 kcal/mol), which places 
the limit 0[(CO)4Fe-H2] < 57 kcal/mol. This value is not 
surprising: (CO)4FeH2 decomposes at temperatures above -10 
0C,54 and the isolation of (CO)4FeL in the presence of added L 
= PPh3 or AsPh3 suggests that loss of H2 is the initial step in the 
decomposition.25 Pearson and Mauermann have studied the ki
netics of the thermal decomposition of (CO)4FeH2 in solution and 
found an activation energy of 26 ± 2 kcal/mol for the process 
yielding H2 and Fe(CO)4.

55 Sweany has studied the reverse 
process, oxidative addition of H2 to (CO)4Fe, in rare-gas matrices 
and suggested that the process occurs with little or no activation 
energy.56 These results indicate the activation enthalpy of 26 
± 2 kcal/mol corresponds to the dihydrogen binding energy 
0[(CO)4Fe-H2] « 26 ± 2 kcal/mol, which is consistent with the 
upper limit of 57 kcal/mol established by the electron attachment 
results. Limited data for reductive elimination of dihydrogen from 
other transition-metal compounds show this process to be ~ 15 
kcal/mol endothermic.21,57'58 

Each of the carbonyl hydrides shows loss of CO in the disso
ciative attachment of thermal electrons; no parent anion is ob
served. This process is that observed for a number of transi
tion-metal percarbonyls.59 

(51) This point is discussed in ref 9, pp 8-10. 
(52) Compton, R. N.; Stockdale, J. A. D. Int. J. Mass Spectrom. Ion Phys. 

1976, 22, 47. 
(53) Lewis, K. E.; Golden, D. M.; Smith, G. P. J. Am. Chem. Soc. 1984, 

106, 3905. 
(54) Blanchard, A. A.; Coleman, G. W. Inorganic Syntheses; McGraw-

Hill: New York, 1946; Vol. II. 
(55) Pearson, R. G.; Mauermann, H. J. Am. Chem. Soc. 1982, 104, 500. 
(56) Sweany, R. L., J. Am. Chem. Soc. 1981, 103, 2410. 
(57) Vaska, L.; Werneke, M. F. Trans. NY. Acad. Sci. 1971, [2] 33, 70. 
(58) Calado, J. C. G.; Dias, A. R.; Martinho Simoes, J. A.; Ribeiro da 

Silva, M. A. V. / . Organomet. Chem. 1979, 174, 77. 
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Scheme III 
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Thermochemistry and Reactivity in the Iron Carbonyl Hydride 
System. The dihydrogen binding energy Z)[(CO)4Fe-H2] (26 ± 
2 kcal/mol) can be used in conjunction with data presented in 
this paper to determine the hydride affinity of (CO)4Fe, D[(C-
O)4Fe-H"] = 108 ± 7 kcal/mol, and the homolytic bond energy 
in the anion, 0[(CO)4FC-H] = 70 ± 14 kcal/mol.60 

The absence of any proton transfer to the 18-electron species 
makes the apparent "proton abstraction" by 17-electron (CO)4Fe" 
(reaction 9) particularly surprising. Since the geometric rear
rangement and charge delocalization of this ion are not expected 
to be significantly different from those of the 18-electron species, 
it seems likely that this reaction does not proceed by proton 
transfer. Several mechanisms can be proposed for reaction 9 that 
do not involve proton transfer, and are shown in Scheme III. 
Electron transfer followed by H atom transfer has been suggested 
as a possible mechanism for "proton transfer" from (CO)4OsH2 

to (CO)4OsH" in solution;45 this is shown for the present system 
in Scheme III as mechanism IHa. Electron transfer followed by 
X" transfer has been proposed as a mechanism for halogen ab
straction from alkyl halides by 17-electron metal anions, including 
(CO)4Fe", in the gas-phase;61 a mechanism similar to this is 
proposed for H atom transfer in Scheme III, mechanism IHb. 
Alternatively, simple H atom transfer may be the mechanism 
operating, as illustrated in Scheme III, mechanism IHc. Osten
sibly, proton transfer or mechanism Ilia could be distinguished 
from mechanism IHb or IHc by utilizing the isotopes of iron, as 

(59) George, P. M.; Beauchamp, J. L. J. Chem. Phys. 1982, 76, 2959. 
(60) The relevant equation for the hydride affinity is 0[(CO)4Fe-H"] = 

IP[H] - A#1<H<|[(CO)4FeH;] + 0[(CO)4Fe-H2] + Z)[H-H] - EA[H]. The 
homolytic bond energy is given by the equation 0[(CO)4Fe--H] = IP[H] -
AW^I(CO)4FeH2] + 0[(CO)4Fe-H2] + 0[H-H] - EA[(CO)4Fe]. All 
energies may be found in the text, except 0[H-H] and EA[H], taken from 
ref 9. These bond energies were originally derived from the data reported in 
this paper by Squires and co-workers in ref 32 and by: Lane, K. R.; Sallans, 
L.; Squires, R. R. J. Am. Chem. Soc. 1986,108, 4368. Lane, K. R.; Sallans, 
L.; Squires, R. R. Oganometallics 1985, 4, 408. 

(61) Jones, M. T.; McDonald, R. N.; Schell, P. L.; AIi, M. H. J. Am. 
Chem. Soc. 1989, ///, 5983. 

suggested by the *Fe label in the schemes, but this is beyond the 
resolution of our instrumentation. 

Independently of which mechanism is operative, or even whether 
reaction 9 proceeds by hydrogen atom or proton transfer, the 
reaction still corresponds energetically to a direct proton transfer 
from (CO)4FeH2 to (CO)4Fe". This means that the proton affinity 
of (CO)4Fe" is greater than that of (CO)4FeH", or A//acid-
[(CO)4FeH] > A//acid[(CO)4FeH2], as presented in Table II. This 
limit of A//acid[(CO)4FeH] > 319 kcal/mol and EA[(CO)4Fe] 
= 2.4 eV, when substituted into eq 2, give a lower bound for the 
homolytic bond energy of the (CO)4FeH radical, 0[(CO)4Fe-H] 
> 60 ± 12 kcal/mol. 

Reaction 9 also must be consistent with the energetics of a direct 
hydrogen atom transfer (Scheme III, mechanism HIc). This 
dicates that the homolytic iron-hydrogen bond energy in (C-
O)4FeH" is greater than that in (CO)4FeH2, or Z)[(CO)4Fe"-H] 
> 0[(CO)4FeH-H]. This is best expressed as a limit for the 
neutral bond energy, 0[(CO)4FeH-H] < 70 ± 14 kcal/mol, by 
using the value for Z)[(CO)4Fe"-H] derived earlier in this work. 

Conclusions 
The transition-metal carbonyl hydrides (CO)5MnH, (CO)4-

FeH2, and (CO)4CoH are found to be extremely strong acids in 
the gas phase, with A//acid[(CO)5MnH] = 318 ± 4 kcal/mol, 
A/fadd[(CO)4FeH2] = 319 ± 5 kcal/mol, and Atfacjd[(CO)4CoH] 
< 314 ± 1 kcal/mol. Strong gas-phase acidities are undoubtedly 
very common for organometallic hydrides because of the weak 
metal-hydrogen bonds and moderately high electron affinities of 
the corresponding radicals.62 The acidities are combined with 
the known metal-hydrogen bond energies to determine the electron 
affinities, EA [(CO)5Mn] = 2.4 ± 0.3 eV, EA [(CO)4FeH] < 2.8 
± 0.8 eV, and EA[(CO)4Co] > 2.3 eV. When exothermic, de-
protonation of the hydrides is a rapid reaction. Protonation of 
the anion formed is much slower, by at least 1-2 orders of 
magnitude, even when the process is appreciably exothermic. The 
neutral hydrides dissociatively attach thermalized (298 K) elec
trons, with each of the hydrides showing the loss of CO in the 
attachment; (CO)4FeH2 also loses H2 on attachment, to produce 
(CO)4Fe". In a process consistent with its strong gas-phase acidity, 
(CO)4CoH also loses H on attachment, producing (CO)4Co". 
Extensions of this work, including measurements of acidities as 
a function of metal and ligand variation, are in progress.63 
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