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The reactions of GCO)s with the ferraboranes BlsFe,(CO), HFe;(CO)BH,4, HFe(CO)0BH>, and HFg(CO)»-

BH, lead to fragment addition and/or fragment exchange. Thus, the new mixed-metal metallabotdges B
FeCo(COj (1), FeCo(CO}(-CO)BH, (2), FeCo(CO)(-CO)BH (3), FeCa(CO)(BH), (4), and HFeCo-

(CO)2BH (5) have been isolated in modest yields and characterized spectroscopically. Comparison of selected
spectroscopic and chemical properties of isoelectronic pairs of hetero- and homometallaboranes defines the
perturbation of the cluster network by the replacement of HFe by Co. Both direct effects due to the different
metal atoms and indirect effects resulting from the differing number of skeletal hydrogen atoms are observed.
Consistent with the radical mechanism suggested for Co(@@pment addition to and exchange with
organometallic clusters, a radical mechanism is proposed. However, the metallaborane reactions require neutral
molecules and appear to be initiated by H atom transfer whereas the analogous anionic organometallic reactions
proceed via electron transfer.

Introduction tendencies, depend strongly on its ligands, and only by a
comparison of compounds with identical ligands on the metal
tallic complexes provides an experimental platform for develop- centers can the pr&pertles be directly related to the identity of
ing an understanding of the role of element variation in structure the meFaI centers L ) )

and reactivityt A significant number of ferraboranes made up ' N€ interchange of nuclei in isoelectronic systems is only
of Fe(CO) and BH fragments have isoelectronic transition metal "€@lized indirectly, and the desired metallaboranes present a
hydrocarbyl partners; i.e., a Blér BH- fragment in the former significant synthetic problgm. There are only a few examples
is replaced by a CH fragment in the latfeiThe same type of of metallaboranes containing cobalt carbonyl fragments in the
interchange in terms of isolobal metal fragments is the replace- iterature:>=1¢ However, metal carbonyl anions, including those
ment of a HFe(CQ)or [Fe(CO)|~ fragment with a Co(CQ) of iron, are knpwn tp undergo metal fragmgnt add|t.|on or
fragment. Indeed we, and others, have explored the subtle€xchange reactions with g€0O).1*! The seemingly straight-
changes induced by such an interchange in organometallicfor""ard extension of this chemistry to the ferraboranes, patterned

clusters?6 An examination of the effects of metal variation ~&fter the anionic cluster chemistry, led only to complete
on the structure and properties of a borane fragment in 4 degradation of the starting material. Further exploration showed
metallaborane would complete the carbdroron analogy. As that it is the neutral ferraboranes that permit the synthesis of a
there are numerous metallaboranes containing@HsCo set of compounds containing one or two Co(e®agments.
fragment’~11 which is isolobal with the Fe(CQ@)ragment, one In this manner the isoelectronic boreparbon cluster analogy
might argue that this has already been accomplished. Indeedas been extended to mixethetal systems and the solution of
even a metallaborane containing b&t#CsHsCo fragments and the synthetic problem suggests mechanistic connections between
Fe(CO) fragments is knowd? But in comparing compounds the organometallic and metallaborane systems. In retrospect,
containing isolobal Fe(C@)s 5-CsHsCo fragments, it is not the presence of radical intermediates in the fragment addition
possible to separate the effects of the different metals from those®' €xchange chemistry of the organometallic clusteis

of the different ligands on the metals. The electronic effects consistent with sensitivity of the reaction to charge on the
of a metal fragment, as opposed to its qualitative bonding réactant, solvent, and reaction conditions.

The synthesis of main group element analogs of organome-
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Experimental Section

General Procedures. All manipulations were carried out under a
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(CO)% and Ca(CO),; evacuation for 1 day to remove all volatile
material; precipitation at-40 °C with minimum amount of hexanes)

to obtain4. Although the compound was pure by NMR, the mass

nitrogen atmosphere using standard Schlenk line or drybox techniques spectrum showed a significant amoundbrmed, presumably during
Solvents were predried over KOH (hexanes, toluene), and purged with the \MS procedures. Column chromatography4ofesulted in the

N prior to distillation. Hexanes and toluene were distilled from sodium
benzophenone ketyl. GEO) was obtained from Strem and purified

formation of 3, which was not a major component of the reaction
mixture before chromatography. MS/Etye: P™ 450 (2B — 9CO),

by recrystallization from hexanes. The ferraboranes were prepared andeg|cd forl2CqH,1604! B ,56F°Co, 449.7898, obsd 449.790. NMRIB

purified as described in the literatu#®.Carbon monoxide was used
directly from the tank. Baker Silica gel was activated by heating at
110 °C for several hours before chromatography was carried out.
Column chromatography was performed undeaNow temperatures.
NMR spectra were obtained on 300-MHz FT- NMR spectrometers.
Residual protons of solvent were used as the referenceHfd{MR

(%0, ppm: benzene, 7.15; dichloromethane, 5.32; toluene, 2.09). A

sealed tube containing [(NE(BsHs)] (%0 —29.7 ppm) was used as the
external reference foB NMR. Infrared spectra were obtained on a
Nicolet 205 FT-IR spectrometer. Mass spectra were obtained on a

(hexane, 22C, %o) 102.3 br d Jsy =160 Hz),{*H} br s;*H (toluene-
ds, —55°C, %o0) 6.9 br s (collapsed q). IR (hexane, chh (BH), 2543
vw; (CO) 2078 w, 2061 s, 2054 vs, 2047 s, 2036 sh, 2023 s, 2000 s,
1985 w sh, 1886 w.

Reactions of HFg(CO)eBH., HFe3(CO)10BH», and HFe(CO);.BH..
In contrast to BHeF&(CO), these ferraboranes generated a single
boron-containing product in good yield. Fragment addition to the three-
metal clusters and fragment substitution of the four-metal cluster were
observed.

HFesCo(CO)12BH (5). In a typical reaction, 0.3 g (0.5 mmol) of

Finnigan MAT Model 8400 mass spectrometer with El ionization mode. HFe(CO)2BH, and 2.0 g of C&CO) (6 mmol) were dissolved in 20

Perfluorokerosene was used as the standard for the high-resolution El

mass spectra.

Reaction of BHgFe;(CO)s. To a CO- or N-saturated hexane
solution of 0.9 g (2.6 mmol) of GgCO) in 30 mL of hexane in a 40
mm o.d. cylindrical Schlenk tube was added 0.4 g (1.3 mmol) of liquid
B,HsFe(CO). The flask was heated to the reaction temperature and
the progress of the reaction monitored periodically*#8/NMR. The

mL of hexanes in a 40 mm o.d. Schlenk flask under CO atmosphere.
Reaction at 73C showed only a single netiB signal; however, after

long reaction times when the reactant ferraborane was depleted, a
shoulder appeared on the low-field side of the triple%atl14 due to
HFe(CO)-BH,. Column chromatography yielded yellow bands of Fe-
(CO) and Co(CO)s, followed by a green-brown band 6f which was
isolated in 20% vyield. The actual yield was substantially higher

reaction was stopped at the optimal yield of the desired product (see(>50% by NMR), but much was lost during separation due to overlap

below) by cooling the tube. After reduction of the solution volume to
10 mL, the bulk of the C4CO),, which inevitably formed no matter
what the conditions, could be precipitated by holding the tube°& 0

of 5 with the closely following bands of HECO).BH, and Ca(CO)».
MS/EI, m/e: PT 576 (1B— 12 CO); calcd fof?C;,tH,1%0; 1 B5Fe;>-
Co 575.7004, obsd 575.7020. NMR!B (hexane, 22C, %o) 147.8 br

for several hours. The supernatant was loaded onto a cold chroma-y (Jan = 70 Hz),{ *H} br s;H (tolueneds, 20°C, %0) —9.9 br d (partially

tography column (silica gel, 1.815 cm,—20 to —40 °C under N),
and the products described below were eluted with hexanes. All of

collapsed q) 1 H);—23.73 s (with long delay time, no broadening at
low temperature) (1 H). IR (hexane, cl (CO) 2103 w, 2063 s,

the compounds are air sensitive and rather unstable. Besides thos&nag vs 2042 vs 2034 s. 2014 m. 1994 m.

described below, other products were formed but were formed in low

yield and/or were too unstable to isolate as pure compounds.
B,HsFeCo(CO) (1). Reaction at 70C under 1 atm of CO for 7 h

led to the total consumption of BlsFex(CQO). The first band from

the column was a volatile, orange oil, which was purified by vacuum

line fractionation 20 °C). Compoundl was isolated in 34% yield

Heating a pure sample &fin tolueneels at 70°C while the'H NMR
spectrum was monitored gave rise to the appearance of a partially
collapsed quartet 8, —11.8 ppm. The intensity of this signal increased
to a plateau atl0% of that of5. Subsequent!B NMR showed the
presence 05 and a weak triplet o 115 Jsn = 70 Hz). Unfortunately,
this apparent isomer & 5', could not be isolated as a pure compound.

based on the ferraborane. This compound was formed under all reactionyote that thel’B NMR of the isomer is nearly identical to that of

conditions but was easily removed from the reaction mixture under
vacuum. MS/El,me. P™ 310 (2B — 6CO); calcd for (P— 28)*,
12C:1Hs0511B,%Fe°Co, 281.9041, obsd 281.9021. NMR!B (hex-
ane, 22°C, %o0) —13.5 br d (s = 144 Hz),{*H} br s;H (tolueneds,
22°C, %o) 2.24 br (2H),—2.68 br (1H),—15.17 br (2H). IR (hexane,
cmY): (BH) 2530 vw; (CO) 2098 w, 2054 vs, 2034 s, 2007 m.

Fe,Co(CO)y( -CO)BH; (2). After reaction at room temperature
under 1 atm of Mfor 1 day with stirring (magnetic stirring bar), the
concentrated reaction mixture was kept at@®@ for 24 h to remove
excess CHCO) and Ca(CO).. The second band from the column
was a nonvolatile, deep dull green compound. Minor volatile impurities
were removed by extended time under vacuum giving gune 30%
yield. MS/El,m/e; P™463.6 (1B— 10CO); calcd fol2C;tH,10,41B5%-
Fe®°Co 463.78. NMR:!B (hexane, 22C, %o) 58.2 br d (sn = 120
Hz), {*H} br s;H (tolueneeds, 22 °C, %o) 5.5 br d (partially collapsed
q) (1H), —10.8 br s (1H). IR (hexane, c¥): (BH), 2496 vw; -

HFe(CO).BH, whereas théH NMR s significantly different.
In a typical reaction, 44 mg (0.10 mmol) of HFEO)BH, in 1
mL of hexanes was added to 67 mg (0.20 mmol) o&k(C®)s in
hexanes under Nor CO and the reaction was monitored B3 NMR
at various temperatures. At a reaction temperature C43he half-
life of the ferraborane wa2 h and exclusive formation & was
observed by'B NMR in 40% NMR yield. Reaction at 70C led to
the formation of5 and5' in 60 and 4% vyields, respectively. Reaction
at 70°C under CO gave the same results but slightly higher yields (73
and 4%, respectively).
Reaction of 80 mg (0.17 mmol) of HEEO)BH, in 2 mL of
hexanes with excess g€0O) under N was monitored by'B NMR
at room temperature. The half-life of the ferraborane was 5.5 h, and
exclusive formation o6 was observed b¥B NMR in 80% yield. The
IH NMR at 80°C showed the presence bfand5' in the ratio 8:1.
Proton Competition. The salt of the conjugate base obHB-

(CO) 2102 m, 2059 vs, 2051 vs, 2039 s, 2020 s, 2019 sh, 2004 s, 1990Fe2(co)6, [HNEt@,][B ZHBFGZ(CO)G], was prepared by deprotonation of

sh, 1973 vw, 1963, vw, 1896 m br.
FeCo(CO)y( -CO)BH (3) and FeCa(CO)q(BH). (4). Reaction
at 70°C under 1 atm of CO for 12 h optimized formation)fwhich

B:HsFex(CO) with NEt;. Similarly, neat NEfwas added to a Schlenk
flask containing 0.01 mmol of in 5 mL of hexane at-78 °C until
the orange color of the hexane solution completely disappeared. The

appeared as the major component of the second band (volatile, purpleyeq-brown precipitate that formed was washed with hexane to remove

brown compound). It was purified by vacuum sublimation and isolated
in 30% vyield. MS/El,me: P* 466 (1B — 10CO), calcd for
12C,¢tH%0,HB%Fe°C0, 465.7676, obsd 465.7624. NMRB (hex-
ane, 22°C, %o) 85.6 br d Jgy = 135 Hz),{*H} br s;'H (tolueneds,
—55°C, %0) 6.76 br s (collapsed q). IR (hexane, th (BH), 2533
vw; (CO) 2061 s, 2053 vs, 2037 s, 2023 m, 2001 s, 1866 w.

A reaction mixture, which was prepared under the same conditions
just described, was crystallizee+$ °C for 1 week to precipitate Go

(22) Meng, X.; Fehlner, T. Anorg. Synth.1992 29, 269.

any slight excess of amine. Addition of gFOH to the precipitate
plus hexane led to its disappearance and the formation of an orange
solution containingl (IR and NMR). The clean protonation of the
solid to givel is chemical evidence that the precipitate is [H§[BtH4-
FeCo(CQy]. Dissolution of the precipitate in THF, SMeor HO led
to rapid, complete decomposition, thereby precluding direct spectro-
scopic characterization.

To a Schlenk flask containing an excess amount of [HNEtHs-
Fe(CO)] powder was added).01 mmol ofl in 10 mL of hexane.
The solution was stirred at room temperature with occasional shaking
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Figure 1. Schematic drawings of the proposed structures for (B
Fe(CO), (b) B.HsFeCo(COy, 1, and (¢c) BH4Co(CO).

of the entire flask, and aliquots of the solution were examined‘By
NMR at 2 h intervals. No BHsF&(CO) was detected, aniremained
undecomposed.

To a Schlenk flask containing.01 mmol of [HNEZ][B ;H4FeCo-
(CO)] powder was added an approximately 2-fold excessbfsBe-
(CO)% in 10 mL of hexane. The solution was stirred at room
temperature, and aliquots of the solution were examinedBWNMR
at 2 h intervals. The resonance characteristit fas observed in an
integrated intensity comparable to the loss in intensity in the signal
due to BHsFe(CO). Extraction of the hexane-insoluble solid with
diethyl ether after completion of the reaction, followed B NMR
of the solution, shows the presence of [HRBHsFe(CO)]. The
relative intensity of the signal due to [HN#B:HsFe(CO)] was
comparable to that df from which the sample of [HNE}{B ;H4FeCo-
(CO)] was prepared.

Results

Mixed-metal Ce-Fe metallaboranes are prepared by Co@CO)
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Figure 2. Schematic drawings of the proposed structures for (a)
HFe&(COXoBH2, (b) Fe&Co(CO)oBH,, 2, and (c) FeCgCO)oBH, 3.

Fe,Co(CO)y( -CO)BH; (2). Composition of this volatile
solid compound is defined by the mass, an isotope distribution
pattern characteristic of one boron atom, and fragments corre-
sponding to 10 CO losses of the parent cation in the mass
spectrum. The IR spectrum is very similar to that of {E©) o
BH, (Figure 2aj® and is distinguished by the presence of a
strong absorption due to a bridging CO ligand. It has the same
number of hydrogen atoms as Jr&0)0BH;]~, the structure
of which has been verified by a crystal structure of
[Fes(COQoHBCI=.2° The chemical shift andH coupling
exhibited by thé'B NMR resonance are very similar to those
of HFes(CO)oBH>, and the two'H resonances are similar to
the terminal BH and bridging BH—M proton resonances of
the same compound. Thus, the postulated structu?dsofhat
shown in Figure 2b.

FeCo(CO)g( -CO)BH (3). Composition of this solid
compound is defined by precise mass measurement, an isotope
distribution pattern characteristic of one boron atom, and

fragment addition or exchange with known ferraboranes. With fragments corresponding to 10 CO losses of the parent cation

one exception, each of these new compounds is isoelectronic.

in the mass spectrum. As wif) the IR spectrum is similar to

with a structurally characterized ferraborane. Hence, the (o o HFe(COYdBH, and exhibits a band due to a bridging
geometric structures can be established from the spectroscopi¢- ligand. The'B NMR resonance is further downfield (see

data as follows.
B,HsFeCo(CO) (1). Composition of this volatile liquid is

below) and the BH terminal coupling is larger, consistent with
the loss of a B-H—M bridge?> The'H NMR spectrum shows

defined by precise mass measurement, an isotope distribution, 5 BH terminal resonance, and the postulated structure of
pattern characteristic of two boron atoms, and fragments 3 g shown in Figure 2c.

corresponding to six CO losses of the parent cation in the mass FeCo(CO)g(BH) (4). The composition of this solid com-

spectrum. The IR spectrum is characteristic of a “sawhorse”
M(CO), fragment® and very similar to that of [BHsFe(CO)] ~
except that the frequencies li80 cnt?! to higher energy?

The 1B NMR spectrum shows the presence of equivalent BH
fragments in accord with the IR in the BH stretching region.
The 'H NMR is consistent with two equivalent BH terminal
protons, one B-H—B bridge proton and two equivalent
B—H—M protons. Below—60 °C, the signal atho —15.2 is
split by 12 Hz into two signals of equal intensity. This
splitting is assigned to geminaldai—Horidge cOupling?® rather
than fortuitous near overlap of -BH—Fe and B-H—Co
resonances. The proposed structurd,afhown in Figure 1b,

is consistent with the spectroscopic data. Note that the
postulated structure of BlgFe,(CO) is supported by solid state

structure determinations on two geometric isomers of the dimer

{B2H4F&(CO)} 2% as well as the structure of a closely related
tantalum compoundf.
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(25) Vites, J. C.; Housecroft, C. E.; Eigenbrot, C.; Buhl, M. L.; Long, G.
J.; Fehlner, T. PJ. Am. Chem. S0d.986 108 3304.

pound is suggested by the parent iove measurement, an
isotope distribution pattern characteristic of two boron atoms,
and fragment ions corresponding to nine consecutive CO losses
from the parent radical cation in the mass spectrudnis a
prominent impurity in the mass spectrum despite the fact that
solution spectra suggested a relatively pure sample. The high
volatility of 3 and the tendency af to be converted int@ are
undoubtedly responsible for this observation. The low-fiéil
resonance, largésy, and singletH terminal BH resonance are
consistent with BH fragments capping asNriangle. The
closest structural analog is G§€£03B,H4,2%31 and its structure
and the postulated structure #éfare shown in Figure 3 .
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H H the Fe-H—Fe bridging hydrogen of the HEEO)BH,
;B\H o. %% BCo o structure. Although equilibrium betweemand 5 at 70 °C
.2500 \ Yo SR < appears to be established (puseyields 10% of 5'), the
Cp*Cdf CoCp* c/C"/c‘h—\C&&o conversion of the isomer into the equilibrium mixture could
\ / o~ \C\Q\ / & not be investigated. Nonetheless, the exclusive formatidn of
H\ﬁs o B 0 from either HFg(CO)BH,4 or HFe(CO)¢BH, at room tem-
H .‘4 perature suggests thd& is the first formed product and
@) (b) rearrangement to the slightly less stable isomer occurs subse-
Figure 3. Schematic drawings of (a) the structure for @pésBoH4 quently and .Only at elevateq tempgratures. Note that in the
and (b) the proposed structure of Fe@@0)B:H., 4. organometallic analog of this reaction the product observed
inevitably shows the heterometal in the “hinge” position.
o, Q Presumably the more accessible “wing-tip” position is replaced
0 0 0\9 M on 0. .0 first in the organometallic cluster. This kinetic product must
T /Fe/\\B g \FéC«~”C rearrange rapidly into the more stable “hinge” isomer under the
o° \ Me % reaction conditions?
- oo tlETe S Proton Competition. The relative acidities of a pair of
K201 C/'C\O ¢ molecules can be determined by reacting the conjugate base of
/ °© one molecule with the other and vice vef48> For an
© ®) unambiguous result, both anions (conjugate bases) are required.
The anions of all the ferraboranes dealt with here are easily
H 9y o O obtained by deprotonation with a variety of ba3zddowever,
P g \\Fe,,.-'-»c' deprotonation of a metallaborane with one or more Co{CO)
o° WO \ fragments gives an anion of limited stability, particularly in polar
Y/ j:g’c % solvents. Consequ_ently, we were only successful in defining
H & the Brgnsted acidity ofl relative to BHgFe,(CO). The
f ° S experiments demonstrate that the equilibrium constant for (1)
° (@
Figure 4. Schematic drawings of the proposed structures for (ayHFe [HNEt][B,H,FeCo(CO)] + B,HgFe,(CO); =
Co(CO)¢BH, 5, and (b) FeCo(CO)BH>, isomer of5, and the structure [HNEL,][B ,HsFe,(CO)s + B,HFeCo(CO) (1)

of (c) HFe(CO)2BH,.

. . . is greater than 1. Thus,,BgFeCO) is a stronger Brgnsted
HFesCo(CO)12BH (5). Composition of this solid compound acid than BHsFeCo(COg, showing that the replacement of a

is defined by prec_isg mass measurement, an isotope distributionl_”:e (CO) fragment by a Co(CG)ragment results in a decrease
pattern characteristic of one boron atom, and fragments corre-.

. oI in acidity.
sponding to 12 CO losses of _the pare_nt_ cation in the mass Mechanistic Observations. Additional observations that
spectrum. The IR spectrum 6fis very similar to that of the

crystallographically characterized HEE€OY:BH,. No BH _have mechar_1istic relevance_ar(_a as follows. Non-boron-contain-
terminal stretch is observed, which suggests an open “butterfly” ing products included the ubiquitous Q002 HCo(CO), and

structure similar to that of the parent ferrabordhelhe doublet Fe(COj, V.Vh!Ch were identifigd by their physical properties and
observed in thélB NMR at a chemical shift similar to that of characteristic IR spectra during product separation. In contrast
[HFe,(COYBH] 33 suggests a like distribution of hydrogen to related substitution reactions with anionic organometallic
12 0 nei - 2— vi

atoms on the cluster framework. Consistent with this assump- gl#st:erj/ l;l(?rlz)hrircg)?t_'z;f]ﬁz](cor)g] dug?st E)%Téggggr?v)\ﬁtb (é'g)lgj:

tion, the value oflgy is similar to that observed for HEEO), - I)t: h th . f ghp ferrab both bI. d
BH; and the chemical shifts and widths of the two signals Although the anions of the ferraboranes are both stable an
observed in théH NMR spectrum are characteristic ot-Bi—M useful synthetically, attempts to deprotonate the mixed-metal
and M=H—M protons rgs ectivelv. Variable-temperatie compounds were largely unsuccessful. In fact, all the mixed-
NMR showedp no ch,angé) in theyW—M resonarslce with metal compounds had limited stability in polar solvents like
temperature (fwhre= 7 Hz), consistent with a FeH—Fe bridge. THF, which partially deprotonates,HeFe(CO). Finally, 1

Thus, the postulated structure fis that shown in Figure 4a, reegctts n\;\i”tlh ri@(%?)g ftcé(élce)l)d 483 ’HA;; B2H4C0,(CO, and
i.e., the same as that of [HKEO),BH]~ with a Co(CO} substantial amounts o et
fragment replacing a Fe(C&fyagment in a “wing-tip” position. Discussion

The isomer of5, 5', was not isolated as a pure compound,;

however, the formation d§' from three independent routes to ~ Compavrison of selected spectroscopic and chemical properties
5 confirms that it is indeed an isomer. The NMR data give a of these five new compounds with those of known isoelectronic

clear picture of the structure &. The !H NMR shows no ferraboranes reveals the role of the heterometal in cluster
M—H—M resonance and a single-B{i—M resonance shifted properties. A comparison of the ferraboranes with isoelectronic
upfield from that of5 to a chemical shift similar to, but  nydrocarbyl complexes has been done previotfsly.
measurably different from, those of the-Bi—Fe protons of Vibrational Frequencies. As already noted above, the
HFe(CO),BH,. Consistent with this observation, tH8 NMR carbonyl bands of isoelectronic Fe and FeCo pairs have similar
resonance appears at a chemical shift nearly equal to that offfequencies and intensities. The well-resolved, simple pattern
HFe(CO)1:BH,. Thus, the postulated structure (Figure 4b) has

(34) Johnson, H. D., Il; Shore, S. G.; Mock, N. L.; Carter, J.JCAm.

a Co(CO) fragment replacing a “hinge” Fe(C&ragment and Chem. Socl96g 91, 2131.
(35) Shore, S. G. IBoron Hydride ChemistryMuetterties, E. L., Ed.;
(32) Fehlner, T. P.; Housecroft, C. E.; Scheidt, W. R.; Wong, K. S. Academic Press: New York, 1975; p 79.
Organometallics1983 2, 825. (36) Fehlner, T. PNew J. Chem1988 12, 307.
(33) Housecroft, C. E.; Buhl, M. L.; Long, G. J.; Fehlner, T.JP.Am. (37) Jun, C.-S.; Halet, J.-F.; Rheingold, A. L.; Fehlner, Tinerg. Chem.

Chem. Soc1987 109, 3323. 1995 34, 2101.
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of the “sawhorse” M(CO); fragment in BHgF&(CO),2* 1, and Table 1. Observed and Estimatéé8 NMR Chemical Shifts for
B,H4C0,(CO)®” permits a more precise comparison. On Isoelectronic Ferraboranes and Ferracobaltaboranes

average, the CO stretching frequencies of these three compounds compound %oobsd  %oobsd n? %ocaicd
differ by 5 cnt! with B.2H4C_:OQ(CO)6 > BszFECO(COé > B.HeFex(CO) —24 (0) 1/, (0)
BoHeFe(COJ, suggesting increasing negative charge at the B,H;FeCo(CO), 1 ~13 11 1 117
metal center in the same order. For calibration, note that in  B,H4C0,(CO) -1 +23 Y, +34

going from BHgFe(CO) to [BoHsFe(CO)]~ there is a HFey(COxoBH2 56 (0) 1 (0)
decrease in(CO) of 75 cnr?, FeCo(COMBHz, 2 58 12 1 0
. FeCa(COXBH, 3 85 +29 0 +34

The effect of metal change on the B, stretching frequen- HFe(COY.BH, 116 ) 2 )
cies is considerably greater. The average chang8dsnT?, [HFes(CO)BH] - 150 434 1 +34
and the frequencies decrease in the same order as observed for HFe;Co(CO)¢BH, 5 148 +32 1 +34
(CO) (B,H4C0,(CO) 2582.0, 2524.4, BHsFeCo(COg 2530.3, Fe;Co(CO)BH2, 5 115 -1 2 0

and BHeFe(CO) 2526.0, 2444.4 crit, where the two stretches 2 For HemBHn, Wheren is the number of hydrogens bridging to metal
observed for the first and last compounds are thought to reflect atoms and is averaged for fluxional moleculeSee text.
asymmetric boron environments). The same is true for thg BM
skeletal systems (Fe@@&O)oBH 2533.3, FeCo(CO)¢BH> e
2495.7, HFg(COoBH, 2471.1 cnmd). The number of hydro- INVAN /Fe "
; i X > S~ /
gens bound to a given boron atom is expected to have a greater _Fe /\%
effect on the Bk, frequencies than on the CO frequencies ey Fe
simply in terms of proximity, i.e., change of effective boron

A Ho _H H
hybridization. Fe g Fee— g
F F
Brgnsted Acidity. Hydrogen atoms that bridge two atoms M / e, W °
have an enhanced Brgnsted acidity relative to terminal hydro- d _""Fé 00/7‘%9
gens. Thus MH—M, B—H-B, and B-H—M bridging ? “H

hydrogens can be significantly acidic despite being bound to Figure 5. Relative stability of the isomers of HF@o(CO)oBH, 5.
atoms of lower electronegativity. The question addressed here ) ) o
is how the FeH-Co fragment interchange affects the Bransted between electronic structure and the chemical shift exists and
acidity of the cluster-bound hydrogen atoms. constitutes another probe of the effect of the metal on cluster
For mononuclear compounds, the trend in acidities with metal Properties? We have described an empirical correlation
is well established in that the acidity decreases as one goes dow®€etween the nearest neighbors of a boron atom in a ferraborane
a column of the periodic table and increases upon going from @nd its chemical shift. Later we described the connection
left to right, e.g., HMn(CQ) < HoFe(CO) < HCo(CO),.38-40 between chemical shift and a molecular orbital description of
Note that the number of hydrogen atoms attached to the metalthe electronic structure$:* _
atom is not qualitatively important and that, although ancillary ~ This empirical correlation does not take into account effects
ligands have a significant effect on the absolute acidity, for a such as change of skeletal structure. That this factor is important
given ligand set trends with metal identity are consistent. is seen from a comparison 4fandS. In Table 1, the pertinent
Thus, the observation that the equilibrium constant for observed chemical shifts are compiled along with estimated shift
reaction 1 is greater than 1 is counterintuitive. Replacement changes as the number of 81—M interactions with a given
of an Fe and H atom pair by a Co atom should increase ratherboron atom changes. For this purpose, the previous empirical
than decrease the Bransted acidity. In a recent communication, Parameter$ are used without optimization for the new com-
we argued that the effect of the change in metal atom was smallPounds. Comparison of these numbers establishes two points.
with respect to the effect of the change in the number of skeletal First, the replacement of FeH by Co does not result in a change
hydrogen atoms. This explanation conflicts with the trend in N chemical ;hnft unless there is also a change in the number of
CO frequencies described above if ground state charge at thdB—H—M bridging hydrogens attached to the boron atom
metal centers is the determining factor. On the other hand, theobserved. Second, the parameter used in the previous correla-
BHierm Stretch increases as FeH is replaced by Co, implying an tion f“or each P—H—M interaction, which was derived for the
increased s character of the Bi bond and a concomitant BMa “butterfly” skeleton, must be reduced for the Biskeleton
increased p character of the Blde interaction. The latter and further reduced for the;Bl, skeleton. That is, increasing
would be consistent with decreased Bransted acidity of the BHM the number of metal atoms in the cluster increases the magnitude
hydrogen atoms as the number of Co atoms increases. AlthougtPf the shift change on changing the number of HB-M
ground state effects must be important, it is likely that the interactions but for a given skeletal size the metal itself has
relative anion stabilities are equally so in that the greater the little effect. Note that this conclusion does not apply to a
number of skeletal hydrogens, the more stable the anion will comparison of compounds containing CpM and (gjrag-

be. Thus, the additional skeletal proton obHEFeCO)s ments, showing the large effect of ancillary ligands on isolobal
relative to1 produces a preferential stabilization ofJFe- metal fragment properties. . ,
(CO)]" relative to the anion of. Skeletal Hydrogen Position and Mobility. As described

Chemical Shifts. The 1B chemical shifts observed for  Previously, the distribution of H atoms on a set of isoelectronic

metallaboranes are strongly affected by the presence or absenc8@in group-transition element clusters can be correlated with
of direct interactions with transition metals. A connection the difference in the electronegativities between the cluster

atoms? That is, in going from a CReskeleton to a BFe

(38) Moore, E. J.; Sullivan, J. M.; Norton, J. R. Am. Chem. Sod.986 skeleton, EEH—M bridges (E= main group atom) are favored
108 2257.

(39) Walker, H. W.; Pearson, R. G.; Ford, P.ZAm. Chem. S0d.983 (42) Kidd, R. G. INNMR of Newly Accessible Nucldiaszlo, P., Ed.;
105 1179. Academic Press: New York, 1983; Vol. 2, p 49.

(40) Kristjansddtir, S. S.; Moody, A. E.; Weberg, R. T.; Norton, J. R.  (43) Rath, N. P.; Fehlner, T. B. Am. Chem. S0d.988 110, 5345.
Organometallics1988 7, 1983. (44) Fehlner, T. P.; Czech, P. T.; Fenske, Rlrfarg. Chem.199Q 29,

(41) Jun, C.-S.; Fehlner, T. @rganometallics1994 13, 2145. 3103.
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Figure 6. Comparison of schematic potential energy surfaces for the interchangegf, Birtt B-H—M protons of [BHsFe(CO)]~ and BHs-
FeCo(COy, 1.

over M—H—M bridges. Likewise, in going from Cketo system& 50 and evidence for radical participation in cluster
CFeCo, E-H—M bridges are favored over MH—M bridges. fragment addition and exchange reactions in metal carbonyl
The bridging H atoms are distributed so as to maximize systems have been reporf@dWe have suggested that ferrabo-
interactions with the skeletal atoms of lowest electronegativity. rane cluster-building reactions with £€Q), proceed via a
Compoundb and its isomer provide new expression of the same radical mechanisrff Consistent with “the apparent necessity
phenomenon. Thus, as shown schematically in Figure 5, theof employing dianion clusters..?®, we found a dependence of
skeletal hydrogens tend to avoid the more electronegative cobaltreactivity on the charge of the anionic ferraborane precursor in
atom relative to the iron atom. this system.

The decrease in mobility of the skeletal hydrogens that The products observed in the present work originate in the
accompanies the replacement of FeH by Co is consistent with following two reaction types. (i) Metal fragment exchange: Co-
the existence of a difference in stability betweent—Fe and (CO); replacement of HFe(C@)formation of 1 from ByHe-
B—H—Co bridging hydrogens. This is best illustrated in the Fe(CO), formation of5 from HFe(CO);,BH,, conversion of
BoM; skeleton. BHgFeCO)s exhibits a complex fluxional 2 to 3. (ii) Metal fragment addition: Co(CQ@)addition with
behavior, and that of [BHsFe(CO)] ~, illustrated in Figure 6, loss of 3H; formation ob from HFe(CO)BH,4, conversion of
is much easier to understand. ;fBFe,(CO)]~ exists in two 1to 4. Note that4 appears to be the precursordfvhich is
forms, the more stable of the two being that with bothHB— formed during chromatography. (Base-facilitated BH vertex loss
Fe bridges to the same Fe atom. It undergoes @BtBHuridge has considerable precedent and has been reported in another
fluxional process on the NMR time scale below room temper- system during chromatograpf¥y! ). Co(CO} addition with
ature via “rotation” of the BH groups as shown in the figure. loss of CO; formation ob from HFe(CO)oBH..

1 has the same structure as the predominant form efi{B Formation of HCo(CQ)and Fe(CQ)as coproducts suggests
Fey(CO)]~ with two B—H—Fe bridges. However, the NMR  sjnks for cobalt and iron fragments as well as for H and CO;
measurements show that the fluxional process has a highetowever, in contrast to the very clean stoichiometry of the
barrier in1. The higher barrier can be ascribed in part to a [HFe;(CO)BHs]~ + FeCO)s reaction, the situation here is

difference in energy between the two structural forms due to a far from clear-cut; e.g., C¢CO) is a prominent product as
difference in stability of B-H—Fe and B-H—Co interactions. well.

This difference adds to the intrinsic barrier for the fluxional
process. Note, however, that the intrinsic barrier for, B+
BHuriage €Xchange also depends on the metal (or the number of
skeletal hydrogen atoms) in that this process has a higher barrie
for BoH4Cox(CO)s than for [B;HsFex(CO)] ~.37

Mechanistic Considerations. The addition and loss of CO
and H diatomic molecules to transition metal clusters are well

Facile reaction of the ferraborane anions with(@®D)s takes
place, but no FeCo metallaboranes are observed under varied
reaction conditions. Therefore, in contrast to conclusions
'suggested by observations on the analogous organometallic
clusters?® anionic clusters do not necessarily foster Co(CO)

(47) Absi-Halabi, M.; Atwood, J. D.; Forbus, N. P.; Brown, T. L.Am.

documented. It follows that the formal loss of CO as Fe(GD) Chem. Soc198Q 102, 6248,
in a cluster-building proced%*>46is mechanistically significant.  (48) Krusic, P. J.; Filippo, J. S., Jr.; Hutchinson, B.; Hance, R. L.; Daniels,
Further, the facile formation of radical species in metal carbonyl L. M. J. Am. Chem. Sod98], 103 2129.

(49) Krusic, P. JJ. Am. Chem. Sod.981, 103 2131.
(50) Atwood, J. D.Inorganic and Organometallic Reaction Mechanisms

(45) Housecroft, C. E.; Fehlner, T. Brganometallics1986 5, 379. Brooks/Cole: Monterey, CA, 1985.
(46) Bandyopadhyay, A.; Shang, M.; Jun, C.-S.; Fehiner, Thétg. Chem. (51) Goodreau, B. R.; Orlando, L. R.; Spencer, JJTAm. Chem. Soc.

1994 33, 3677. 1992 114, 3827.
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fragment addition and substitution reactions. Clearly these fragment substitution
reactions are very sensitive to the donor properties of the cluster
as well as other reaction conditions.

The following mechanism, based on reactions of neutral
species, is proposed to account for the cluster fragment addition
and fragment substitution reactions. Radical initiation is fol-
lowed by fragment addition. Competition between deactivation BH,F€_;C0(CO);" + Co(CO), —
of the adduct and base-facilitated loss of Fe(C@termines B,H,_1Fe, ;Co(CO), + HCo(CO), + Co(CO)
whether net addition or substitution is observed. This mecha-
nism is very similar to those proposed earlier for related systems A successful synthetic reaction thus depends on several
except that H atom transfer rather than electron transfer playSt,qiors. Radical initiation and addition to the reactant cluster
the prominent role although Co(CO)s the radical carrier in - st have a convenient rate, but subsequent reaction of the
both cases?6:3¢ desired product with the radical carrier, Co(GO)nust be
sufficiently slow so product accumulates in the system. Pre-
sumably, with anionic ferraboranes, the reaction of the product
with Co(CO)y is so fast that rapid conversion to intractable
material takes place. The electron or H atom donor ability of
the parent cluster (hence anionic charge) or the ability of the
fragment source to spontaneously generate radicals is important
if initiation begins with H atom transfer as we suggest.
Competition between the addition and substitution reactions
depends on the relative rates of continued H atom transfer vs
CO-assisted Fe(C®)oss. Thus, dependence of product yield
on the partial pressure of CO in theHkFe(CO) reaction
system becomes understandable.

B,H,FeCo(CO),,, + CO—
B,H,Fe,_,Co(CO),’ + Fe(CO)

initiation

B,H,Fe(CO), + Co,(CO) —
B,H,_,F&(CO); + HCo(CO), + Co(CO)’

or Co,(CO); — 2Co(COY)’

propagation

B,H,Fe(CO), + Co(CO), — B,H,FeCo(CO),,,
fragment addition

B,H,FeCo(CO),,, + Co,(CO) —

B,H,_;F&C0(CO),, 5 + HCO(CO), + CO+ Co(CO)’

or BH,FeCo(CO),, + Co(CO)—

B,H,_;FeCo(CO),,, + HCo(CO), + 2CO+ Co(CO),’

B,H,_1FeC0o(CO),. 5" + Co,(CO) —
B,H, sF&CO(CO), 5 + 2HCo(CO)

Conclusions

The change in the identity of a transition metal in a strictly
isoelectronic series does not affect gross properties such as
geometric structure. However, it does perturb both directly
(change in metal atom properties) and indirectly (change in
number of skeletal hydrogen atoms) the electronic structure to
a significant extent as demonstrated by differences in spectro-
scopic, dynamic, and chemical reaction properties. These results
complement our previous comparison of the organometallic
clusters Cg(CO)%CCH; and HFeCg(CO)CCH;.®
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