Inorg. Chem.1996, 35, 6579-6585 6579

Small Heteroborane Cluster Systems. 6. Mesbauer Effect Study of Iron Substituted Small
Metallaborane Clusters

Bruce H. Goodreau/#* Lianna R. Orlando, "8 Gary J. Long,*" and James T. Spencer®

Department of Chemistry and the W. M. Keck Center for Molecular Electronics, Center for Science and
Technology, Syracuse University, Syracuse, New York 13244-4100, and Department of Chemistry,
University of Missouri-Rolla, Rolla, Missouri 65401-0249

Receied May 16, 1998

The Mtssbauer effect spectra for a series of small jf€%sHs)(CO) ] substituted metallaborane complexes are
reported, where = 1 or 2. The pentaborane cage in compounds#~&6Hs)(CO),BsH7P(CGsHs)2] (1), [Fel;>-
CsHs)(CO)BsHg] (2), and [(Fe®-CsHs)(CO))-BsH7] (3) was found to act as a significantly better donor ligand

than the ligands in a comparison group of previously reported;fFé¢Hs)(CO)LX] complexes, where &= CO

or PPh and X = halide, pseudohalide, or alkyl ligands. These metallaborane complexes were found to most
resemble their silyl analogues in'dsbauer spectral parameters and the electronic distribution around the iron
centers. In addition, the Misbauer data showed that thwed,3-(P(GHs)2BsH7] ~ ligand was a superior donor to

the corresponding unsubstitutedsH] ~ ligand. The Masbauer spectral results for the metallaborane complexes
studied were found to be in general agreement with the anticipated donor and accepting bonding considerations
for the cage ligands based upon their infrared #BANMR spectra and X-ray structural features. Thédslauer

data for the [Fef>-CsHs)(CO)BsHe(P(GsHs)2)] (4) and [Fef®-CsHs)(CO)BsH#(P(CGHs)2)] (5) complexes, in
comparison with compounti showed that as the borane cage becomes progressively smaller, it becomes a poorer
donor ligand. A qualitative relationship was found between the observessibAoer isomer shift data and the
number of boron cage vertices for the structurally relatedi+€tHs)(COXB,HP(CsHs)2] complexes, where
=1or2,y=3-5 andz= 6 or 7. The X-ray crystallographic data for compourg®, 5, and [Fef;>-CsHs)-
(CO)BsHg] (6) were also found to agree with the trends observed in thesldauer spectra which showed that the
s-electron density on the iron nucleus increases in the &deré < 2 < 1. The X-ray crystal structure of
complex2 is also reported. Crystallographic data for space group2;/c (No. 14, monoclinic)a = 6.084(3)

A, b= 15.045(8) A,c = 13.449(7) A8 = 99.69(5}, V = 1213(1) &, Z = 4 molecules/cell.

Introduction however, affected by the p and d orbital electron densities which
shield the s-electrons from the full nuclear charge. In addition

The structure and bonding of metallaborane complexes hasto the data regarding the s-electron distribution at the iron center

been examined by a wide variety of both experimental and . a reg 9 . . ’

; . . information about the local symmetry of the iron environment
theoretical tools. Through this body of work, a great deal is

now understood concerning how metal centers may interact with may be gained through the observed quadrupolar interactions.

borane cages and how both electronic and orbital considerationsThus’ the Mssbauer effect isomer shifts, and quadrupole

influence the geometries and properties displayed by theseSp"t.t'ngs’AEQ’ have been pa(tlcularly important in quantn‘ymg
; the interactions between an iron center and its ligand environ-
complexes. Among the tools which have been most effectually

. A . ! ent.
employed in describing the electronic and structural properties .
of iron organometallic and metallaborane complexes, especially Numerous organoiron complexes, such asi€sHs)(CO)-

. I ! . . o LX], where L = CO and PPhand X= halides, pseudohalides,
binat th oth t tech ™M ; -
It?aﬁg:nspl)g?:tlr%gc\:,(\gpy ofher spectroscopic techniques, 155810 alkyls, silyls, and boranes, and [Fe(GD)] species, have been

Mdossbauer spectroscopy is a particularly useful technique forlnvesngated using Msbauer spectroscopy! Wg have re- .
probing the local symmetry and electronic environment of metal cently reported on the structures and photochemistry of a series

centers in iron compounds. The "B&bauer effect involves of small metallaborane complexes of the type {feCsHs)-

nuclear transitions which arise from the absorptiop-o&diation EEOM‘] (\évt;_ereg =1lor2 tanqéL7|3| a boran;e cag:_e V\I"th .bftwe?n
by a samplé. These transitions are governed by the interactions . ree and five boron vertices). Issues of particular interes

of the nucleus with the surrounding electrons and electric field N tth|e_se me:)allaclj:)_orane (;?mflzxgs hﬁve rela_ted to dhovvt_ the
gradients. Because only s-electrons have a finite probability metar-cage bonding 1S allected by changes in coordination
of existing at the nucleus, it is only these electrons that are mode of the cage to the iron center (terminal, bridged, inserted,

responsible for the observed isomer shifts in the nuclear
transitions. The s-electron density at the iron nucleus is,
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Figure 1. Structures of the iron substituted metallapentaborane clusters investigateg-Qgeé)(CO),BsH-P(CHs)2] (1), [Fe@r®-CsHs)(CO)BsHs]
(2), [(Fe(>-CsHs)(CO))2BsH7] (3), [Fefr®CsHs)(CO)BsHg(P(CsHs)2)] (4), [Fe(r>-CsHs)(CO)BsH7(P(GeHs)2)] (5), and [Fef®-CsHs)(CO)BsHg] (6).
The boron atoms are indicated by the solid circles, and hydrogen atoms have been omitted for clarity.

etc.), how the cage size modifies these interactions, and whatdecoupled modes and were externally referenced tq &Br40.0 ppm

role exopolyhedral cage substitution plays in the nature of this (positive chemical shifts indicate downfield resonances). Car§@) (
iron—cage interaction. Direct information on some of these NMR spectra were obtained on a General Electric QE-300 spectrometer
guestions can be gained from M&bauer spectral investigations operating at 75.48 MHz. The spectrometer was operated in the FT
of these metallaborane complexes mode while locked on the deuterium resonance of either the €arCl

h K dh . fi bsti d I tetrahydrofurards (THF-dg) solventin 5 mm (o0.d.) sample tubes. The
In the work reported here, a series of iron substituted sma reference was set relative to tetramethylsilane from the known chemical

metallaborane complexes with related structural features wereghjis of the solvent carbon atoms. Phospho#)(NMR spectra were
first prepared. These [Fg{-CsHs)(CO)] substituted metalla- obtained in 5 mm (o.d.) tubes on a Cryomagnetics spectrometer
borane compounds, shown in Figure 1, include those which operating at 101.27 MHz. Chemical shifts were referenced to an
display a variety of bonding environments around the iron external standard of 85% phosphoric acid seated I mmcapillary
nucleus. In order to more fully understand the nature of the tube. Both proton broad-band decoupled and coupled spectra were
iron—cage bonding interaction, we found it useful to probe the routinely observed for each sample with a decoupling power of
electronic nature of the iron nucleus itself through observation g‘ggﬁ‘;{“gﬁgrﬁ: V(\SE Zr(;)éors‘;'i)ct':'gﬂmitzfr’eggsr;‘tﬁrge Z?tgg‘g‘iSO”M?_i ,
mcdt::bxjffssg;:usrﬁeo?gi ﬁg;ﬁg?ecgr?]rggfnﬁt?s' vvlgllfzﬁown Spectra were recorded on samples dissolved in @DCTHF-dg in 5

h d T hift . . | mm (0.d.) tubes with chemical shifts referenced to internal tetrameth-
that a decreasing isomer shift represents an increasing s-electrofysjjane with a positive shift indicating a resonance at a lower applied

density at that iron nucleds.The latter typically increases when  fieiq than that of the standard. FT-IR spectra in the range of-400

a ligand donates electrons into an empty iron orbital through a 4000 cnr? were measured on a Mattson Galaxy 2020 spectrometer
o-bond and/or a filled iron d orbital donates electron density and were referenced to the 1601.8 énband of polystyrene. All

into an empty ligand orbital through abonding interaction. compounds were recorded as Nujol mulls sandwiched between NaCl
Although it is not possible to resolve the components of each plates.

of these bonding modes directly in the observed isomer shift, The Mtssbauer effect spectra were measured on a constant accelera-
one can make qualitative observations relating the isomer shift tion spectrometer which utilized a room temperature rhodium matrix
to the chemical environment of the iron. Further insight into cobalt-57 source and was calibrated at room temperature with a natural
these metatcage interactions may be gained from the ligands a-iron_ foil. The spectra were fit Wi_th symmetric quadrupole doublets
themselves which display NMR chemical shifts and infrared by using standard least squares fitting procedures.

absorptions that are diagnostic of their local bonding environ- __Materials. All solvents used were of reagent grade or better. THF
ments relative to the iron nucleus. Relating the observed and pentane were distilled from sodium metal/benzophenone under a

5ssb | ith th h icd dry nitrogen atmosphere prior to use. Methylene chloride and hexane
Mossbauer spectral parameters with the other spectroscopic datgere ysed as received. Al organic solvents, after appropriate drying,

for the cage ligands can, therefore, provide a clearer overall yere degassed by repeated freegeacuate-thaw cycles and finally
picture of the bonding interactions between the ligand (borane storedin vacuoprior to use? Deuterated solvents were vacuum distilled
cage) and the iron center. Thus, it was particularly interesting onto 4 A molecular sieves prior to usaido-Pentaborane(9) was taken
in the metallaborane complexes described here to explore thedirectly from our laboratory stock. The compounds feCsHs)-
potential relationships between the’ 8&bauer spectral param-  (COXBsHP(CGHs)] (1),° [(Fe@®-CsHs)(CO))2BsH7] (3),'° [Fe®-

eters and thé’B NMR and infrared spectral data. CsHz)(CO)BaHe(P(GsHs)2)] (4).° [Fe (> CsHs) (CO)BsH7(P(CeHs)2)] (5).°
and [Fef;5-CsHs)(CO)BsHg] (6)” were prepared and purified according
Experimental Section to previously reported literature methods. The spectroscopic data for

these compounds matched those previously reported. The following

Physical Measurements.Boron ¢!B) NMR spectra were recorded ~ commercially available anhydrous chemicals were either used as

on a Cryomagnetics spectrometer operating at 80.26 MHz. Spectrareceived or purified by the method indicated and, where possible, were
were recorded in 5 mm (o0.d.) tubes in both th¢ coupled and

(9) Shriver, D. F.; Drezdzon, M. SThe Manipulation of Air-Sensiié
(8) Bancroft, G. M.Mossbauer SpectroscopWiley: New York, 1973. Compounds2nd ed.; Wiley-Interscience: New York, 1986.
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stored ove 4 A molecular sieves prior to use: [FE(CsHs)(CO))»
(Strem), iodine (Aldrich), CIP(gHs), (Aldrich), CIP(O)(GHs). (Ald-
rich), and sodium hydride (Aldrich) (the 80% suspension in mineral

oil was washed several times with dry pentane and the washes decanted st syst

off to remove the mineral oil). Analytical thin-layer chromatography
was conducted on 2.5 7.5 cm silica gel strips (1B-F, Baker), and
conventional column chromatography was conducted using«420
cm columns packed with 230100 mesh (ASTM) silica gel (EM
Science).

[2-(Fe@®-CsHs)(CO)2)BsHg] (2). In the preparation of compleX
a modification of the procedure previously reported independently by
Greenwood and Gaines was employ&din our work, a BHg/THF
stock solution was employé&drather than using the high vacuum line
techniques previously described. In a typical reaction, 17.8 mL of a
0.56 M BsHo/THF solution was deprotonated with 0.3 g (10 mmol) of
NaH in 40 mL of THF under a dry nitrogen atmosphere-&0 °C.
This Na[BsHs]/THF solution was added to a second solution containing
3.03 g (10 mmol) of [Fef®>-CsHs)(CO).l] in 60 mL of THF at—78°C
under a dry N atmosphere. The mixture was stirred foh and then
warmed slowly to room temperature. The solvent was removed by
vacuum distillation, and the residue was extracted with @0 mL of
pentane to give pur@ (2.21 g, 92% vyield). The spectroscopic data
for 2 matched those previously reportéd®

X-ray Crystallography of 2. Ared 0.4x 0.2 x 0.2 mm crystal of
[2-(Fe;5-CsHs)(CO),)BsHg] (2) was grown by allowing a pure sample
of the compound to stand in a sealed vial under vacuum at room
temperature for 2 weeks. The low melting poinPapparently allowed
the sample to melt and resolidify as well-formed crystals. The crystal
was mounted in a 0.3 mm Lindemann capillary tube and sealed under

an inert, dry nitrogen atmosphere. All measurements were made on a

Rigaku AFCS5S diffractometer at10 °C using graphite monochromated
Mo Ko radiation ¢ = 0.710 73 A). Cell constants and an orientation
matrix for the data collection were obtained from a least squares
refinement using 25 centered reflections in the range 0f°18.26 <

22.%. On the basis of the systematic absencegGbf 1 = 2n, and

0kO, k = 2n, and the successful structural solution, the space group
was uniquely determined to d@2;/c. Data were collected at room
temperature using an—26 scan technique to a maximun 2alue of
60.C°. Three reference reflections were monitored every 100 reflections
during the data collection and no significant intensity variation
occurred. The data reduction of 3993 measured reflections resulted in
3684 unique reflectiondR. = 0.033). There were 2114 independent
reflections withl > 3o(l) in the range of 2 < 60° which were used

for the structure refinement (reflection/parameter 12.58). The
position of the iron atom was determined from a Patterson synthesis,
and the remaining non-hydrogen atoms were located by application of
direct methods to generate a trial structt#¥. The non-hydrogen atoms
were refined anisotropically. The boron cage hydrogen atoms were
then located by difference maps and were refined isotropically. All
other hydrogen atoms were calculated and refined isotropically. The
final cycle of a full-matrix least squares refinement converged Rith

= [(3(IFe| — IFc)¥3(FOI¥> = 0.041 andR, = [(SW(IFo| — |Fd)
SW(Fo)q¥2=0.045. The final structure was plotted using the Teksan
graphics programs, including PLUT®and ORTEP® The crystal-
lographic data, bond lengths and bond anglefare given in Tables
1-3. The crystallographic data, atomic positional parameters, aniso-

(10) (a) Fischer, M. B.; Gaines, D. F.; UIman, J. A.Organomet. Chem
1982 231, 55. (b) Greenwood, N. N.; Kennedy, J. D.; Savory, C. G.;
Staves, J.; Trigwell, K. RJ. Chem. Soc., Dalton Tran&978 237.

(11) Cendrowski-Guillaume, S. M.; Spencer, JOrganometallics1992
11, 969.

(12) Calbrese, J. C. PHASE. Patterson Heavy Atom Solution Extractor.
Ph.D. Dissertation, University of Wisconsin, Madison, WI, 1972.

(13) Beurskens, P. T. DIRDIF. Direct Methods for Difference Structures.
Technical Report. 1984/1; Crystallography Laboratory: Toernooiveld,
Nijmegen, Netherlands.

(14) TEXSAN. Texray Structure Analysis Package; Molecular Structure
Corp.: 1985.

(15) Motherwell, S.; Clegg, W. Pluto. Program for plotting molecular and
crystal structures, University of Cambridge: Cambridge, England,
1978.

(16) Johnson, C. K. ORTEPII; Report ORNL-5138; Oak Ridge National
Laboratory: Oak Ridge, TN, 1976.
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Table 1. Crystallographic Data for [Fgf-CsHs)(CO)BsHg] (2)

chem formula GH13BsFe,  diffractometer Rigaku AFC5S
239.08 pealed (g cnT3) 1.309
monoclinic  u (cm™Y) 12.11
space group P2;/c (No. 14) transm coeff
temp (K) 263 p 0.9556-1.0000
cell dimensions Yav 0.9793
(at 263 K) R 0.041
a(A) 6.084(3) Rw 0.045
b (A) 15.045(8) total no. of reflcns 3993
c(A) 13.449(7) no. of reflcn with 2114
o (deg) 90.00 I > 3o(l)
B (deg) 99.69(5) no. of variables 168
v (deg) 90.00 Bimax (deg) 60.0
V (A3) 1213(1) goodness of fit 1.66
Zmolecules/cell 4 max shift/errorin  0.10
(Mo Ka) (A) 0.71073 final cycle
Table 2. Intramolecular Bond Distanceor
[Fe(175-C5H5)(CO)ngHg] (2)
Fe(1)-B(2) 2.035(3) B(2)-B(3) 1.821(5)
Fe(1>-C(2) 1.734(3) B(2)-B(5) 1.825(5)
Fe(1)-C(2) 1.738(4) B(1)-B(3) 1.655(6)
Fe(1)>-C(6) 2.062(4) B(1)-B(5) 1.656(6)
Fe(1)-C(3) 2.062(4) B(1)B(2) 1.690(5)
Fe(1)-C(4) 2.084(4) B(1)B(4) 1.675(6)
Fe(1)-C(7) 2.071(4) B(4)-B(3) 1.790(7)
Fe(1)-C(5) 2.082(4) B(4)-B(5) 1.777(7)
C(6)—-C(7) 1.403(8) B(3)-H(23) 1.22(4)
C(6)—C(5) 1.383(7) B(3)H(34) 1.34(4)
C(3)-C(4) 1.314(8) B(1)H(1) 1.05(3)
C(3)—-C(7) 1.365(8) B(2)-H(25) 1.35(4)
C(4)—-C(5) 1.289(7) B(2)-H(23) 1.35(3)
C(5)—H(50) 0.952 B(5)-H(25) 1.24(4)
C(7)—H(49) 0.950 B(5)-H(45) 1.20(4)
C(6)—H(46) 0.950 B(5)-H(5) 1.07(4)
C(4)—H(48) 0.951 B(3)-H(3) 1.10(4)
C(3)—H(47) 0.951 B(4)-H(4) 1.01(4)
C(1)-0(1) 1.151(4) B(4yH(34) 1.18(4)
C(2)-0(2) 1.148(4)

a Distances are in angstroms. The estimated standard deviations in
the least significant figure are given in parentheses.

Table 3. Selected Intramolecular Bond Angtefer
[Fe(7>-CsHs)(CO)BsHe] (2)

B(2)-Fe(1-C(1)  84.1(1) B(2}Fe(l)-C2)  83.1(1)
Fe(1-B(2)-B(2) 136.2(2) Fe(B2)-B(3) 136.2(2)
Fe(1-B(2)-B(5) 136.2(2) B(1}B(2)-B(@3) 56.1(2)
B(1)-B(2)—B(5) 56.1(2) B(3YB(2)-B(5) 87.3(3)
C(l)-Fe(1)-C(2)  94.3(2) Fe(yCA)-O(1) 179.4(4)
Fe(1-C(2-0O(2) 178.8(4) B(2}B(1)-B(4)  100.3(3)
B(2)-B(1)~B(3) 65.9(2) B(2)}-B(1)-B(5) 66.1(2)
B(4)-B(1)—B(3) 65.0(3) B(4>B(1)-B(5) 64.5(3)
B(3)-B(1)—B(5) 98.9(3) B(1)}B(4)-B(3) 56.9(2)
B(1)—B(4)—B(5) 57.3(2) B(3)-B(4)-B(5) 89.7(3)
B(2)-B(3)—B(1) 57.9(2) B(2)-B(3)-B(4) 91.4(3)
B(2)-B(5)—B(1) 57.8(2) B(2)}-B(5)-B(4) 91.6(3)
B(1)-B(5)—B(4) 58.3(3) B(1)}B(3)-B(4) 58.0(3)

@ Angles are in degrees. Estimated standard deviations in the least
significant figure are given in parentheses.

tropic thermal parameters, bond distances and angles involving both
non-hydrogen and hydrogen atoms, and intermolecular distanc@s for
are available as Supporting Information.

Results and Discussion

All of the small metallaborane compounds studied in this
work were found to display well-resolved ‘dsbauer spectra
consisting of quadrupole doublets with splittings ranging from
1.58t0 1.96 mm/s. Spectra which are typical of the complexes
investigated here are illustrated in Figure 2 by those obtained
for compounds [Fe®-CsHs)(CO)%LBsH;P(CsHs),] (1) and [(Fe-
(7%-CsHs)(CO),)2BsH7] (3) at both 295 and 78 K. The room
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Figure 2. Mdssbauer spectra of complexes (A) [FeCsHs)(CO)BsH;P(CsHs)2] (1) and (B) [(Fe®CsHs)(CO))-BsH-] (3) measured at both 295
and at 78 K.

Table 4. Mossbauer Effect Spectral Parameters for the Iron Substituted Metallaborane €lusters

abs area
compound TK) o62(mm/s) AEg(mm/s) T (mm/s) area (%) (%e)(mm/s) Mek(g/mol) Ow (K)
[Fe(5-CsHs)(COYBsHP(GHs)2] (1) 295 -0.056 1.80 0.25 100 2.39 113 100
78 0.024 1.82 0.25 100 10.45
[Fe@7°-CsHs)(CO)BsHg] (2) 78 0.039 1.84 0.27 100 13.15 - -
[(Fe@7°-CsHs)(CO))2BsH7] (3) 295 -0.046 1.76 0.24 100 1.28 106 93
78 0.039 1.77 0.25 100 7.56
[Fe(5-CsHs)(CO)BaHg(P(CsHs)2)] (4) 78 0.124 1.75 0.29 100 6.93 - -
[Fe(5-CsHs)(CO)BsH/(P(GeHs)2) (5) 295 0.162 1.94 0.25 100 0.64 109 101
78 0.245 1.96 0.26 100 2.42
[Fe(7®-CsHs)(CO)BsHg] (6) 295 0.005 1.66 0.32 100 0.23 92 74
78 0.077 1.58 0.32 74 511
0.151 1.91 0.32 17 1.15
0.234 2.07 0.32 9 0.65

2 Relative to naturabi-iron foil. ® No 295 K spectrum was observed.

temperature spectra for complex2and4 were not observed  groups)? When it has been possible to observe both a room
because they melt either near or at room temperature. Withtemperature and a 78 K Msbauer spectrum, we have used
the exception ob, all of the complexes gave clean spectra at the temperature dependence of the isomer shift and the logarithm
78 K. At this temperature, comple& gave an asymmetric  of the spectral absorption area to calculate the effective recaoil
broadened quadrupole splitting which could best be fit with three masses of the iromnes, and the Masbauer temperatur@)y,
symmetric quadrupole doublets with decreasing area as thefor the complext” The resulting values, given in Table 4, are
splitting increased. These different components may arise fromtypical of organoiron complexes and indicate extensive co-
different isomers 06 which may exist in the solid state, isomers valency in the iror-ligand bonds, a covalency which is the
in which the bridging hydrogens in the Fefs moiety may smallest in complex.18
bridge between a boron and iron rather than between two boron There have been extensive "Btbauer studies of [Fgt
sites to give an iron with no bonded hydrogen (74% of the CsHs)(CO)LX] compounds, where & CO and PPhand X=
compound), one bonded hydrogen (17% of the compound), andhalides, pseudohalides, alkyls, and siki$. The Mossbauer
two bonded hydrogens (9% of the compound). Although this spectral parameters for several selected compounds of this type
deconvolution of the spectrum may not be unique, it does are given in Table 5. It is well-known that an increase in the
explain well the observed spectral line shape at 78 K in terms s-electron density at an iron nucleus will result in a decrease in
of realistic structural isomers. the Mtssbauer isomer shift. This s-electron density increase
The experimental Mesbauer spectral parameters for com- is generally regarded to result from eithercedonation of
poundsl—6 are given in Table 4. For these complexes, the 78 electron density from the ligand to the metal or-dack-bond
K isomer shift was found to decrease through the series in the donation of electron density from a metal filled d orbital into a
order5> 4> 6> 3=2> 1. Also, the quadrupole splittings  suitable acceptor orbital on the ligand. Thus, peatonor and
were observed to decrease in the orffler 2> 1> 3 > 4 > S herber R irChormieal Mach S A
6. The magnitudes and range of these spectral parameters werél?) Eg_r; glrénu'm:' NewerOIIFka, 19‘;'3‘2; Euleég_pec“osmp“er er, R. A,
in the general range of those previously reported for a series of 1g) Ernst, R. D.; Wilson, D. R.; Herber, R. H. Am. Chem. Sod984
[Fe(®CsHs)(CORR] complexes (where R= alkyl or silyl 106, 1646.
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Table 5. Mdssbauer and Infrared Spectral Data for Selected Known Organometallic Iron Compounds

compound 02 (78 K) AEQ® Ie y(COY ref
Fe(7°-CsHs)(COX(5%-B2Hs) 0.072 1.68 0.27 2045, 1990 4
[Fe@5-CsHs)(CO)(17?-B2Hs)] - —-0.14 1.33 0.31 2030, 1943, 1927 4
[Fe(COX(BeH10)]® —0.4 1.71 19
Fe(r°-CsHs)(CO)SiPhy 0.039 1.80 0.24 2001, 1953 2
Fe(;®-CsHs)(CO)SICHs 0.046 1.76 0.27 1996, 1944 2
Fe(;°>-CsHs)(CO)XCH; 0.076 1.76 0.26 2010, 1957 2
Fe75-CsHs)(CO)CHa(CeHs) 0.081 1.74 0.26 2009, 1960 2
Fe(;°>-CsHs)(CO)Br 0.227 1.87 0.35 2045, 1999 3
Fe(7°-CsHs)(CO)(PhP)Br 0.290 1.89 0.26 1960 3
Fe75-CsHs)(CO)l 0.215 1.84 0.28 2038, 1998 3
Fe(;®-CsHs)(CO)(PhP)I 0.308 1.87 0.28 1955 3
[Fe@5-CsHs)(COX|PFs 0.046 1.88 0.26 2125, 2079 3
[Fe(7°-CsHs)(COX(PhsP)]PFs 0.085 1.82 0.28 2055, 2010 3

aMossbauer isomer shift (mm/s), not to be confused with the chemical shift in NMR which uses the same $@uhdtupole splitting (mm/
s). ¢ Line width (mm/s).¢ Infrared carbony! stretching frequency (ch B NMR chemical shift of the boron atom(s) adjacent to the iron nucleus

(ppm).
Table 6. Observed Mesbauer, Infrared, andB NMR Spectral Data for Iron Substituted Metallaborane Clusters

compound site  O(78K)* (mm/s) AEq (mm/s) T (mm/s) »(COY (cm™?) 1B NMR® ref
[Fe@®-CsHs)(CO)BsH7P(CsHs)2] (1) 0.024 1.82(1) 0.25 1990, 1934 23.3 this work
[Fe(7°-CsHs)(CO)BsHg] (2) 0.039 1.84 0.27 2005, 1947 7.9 this work
[(Fe(7°-CsHs)(CO))2BsH7] (3) 0.039 1.77 0.25 1996, 1936 2.7 this work
[Fe(7°-CsHs)(CO)BsHs(P(GHs)2)] (4) 0.129 1.75 0.29 1948 30.2,21.2 this work
[Fe@®-CsHs)(CO)BsH-(P(CeHs)2)] (5) 0.244 1.96 0.26 1962 9.1 this work
[Fe(7°-CsHs)(CO)BsHg] (6) 0.104 1.69 0.32 1940 +76.0 this work
[Fey(CO)s(B2He)] Fe(HHFe)  —0.02 1.24 0.24 2090, 2046 —24.2 21
Fe(HBFe) 0.05 1.08 0.48  2024,1993
[Fex(COX(BzHs)][PPN] Fe(HHFe)  —0.01 1.27 0.28 2022, 1965 -17.4 21
Fe(HBFe) 0.05 1.44 0.23  1935,1928
Fe(BBFe) 0.10 0.22 0.42
[Fes(u-H)(COXBH3][PPN] Fe(1,3) 0.009 0.45 0.47 2045, 1954 6.2 22
Fe(2) —0.042 1.10 0.34
[[FesH(CO),BH][PPN] Fe(1,3) —0.03 0.65 0.44  2003,1983 150 23
Fe(2) —0.06 1.86 0.24
Fe(4) —0.03 1.06 0.38
[Fe(COX(BeH10)]¢ —0.40' 1.78 2078, 2018, 1986, 1981 —0.2 or—4.9 20
[Fe(BwH10S)|Cs2 0.21 2.14 0.32 24
[Fe(BioH10S)][N(CH3)4] 0.23 2.25 0.29 24
[Fe(G:BgH11):ICs, 0.25 2.38 0.36 24
[Fe(GBoH11)2][N(CH3)4] 0.30 2.80 0.27 25

aMossbauer isomer shift (mm/s), not to be confused with the chemical shift in NMR which uses the same %}BH8MR chemical shift of
the boron atom(s) adjacent to the iron nucleus (pgmyea weighted average value¢sThe temperature of these spectra are not specified but are
probably room temperature spectra.

poor sz-acceptor ligands produce the highest isomer shifts, to have smaller isomer shifts than their corresponding halide,
whereas good-donors and goog-acceptors typically produce  pseudohalide, or alkyl complexes. The isomer shifts for
the lowest isomer shifts valuésFor the [Fef®CsHs)(CO)- complexesl—3 were most similar to those observed for the
LX] complexes previously reported, the isomer shifts for the [Fe(;°>-CsHs)(CO)(PPR)SiPh] and [Fe(®-CsHs)(CO)][PFe]
carbon monoxide substituted compounds were found to be complexes.

typically lower than their phosphine counterpdtsthis has In view of the low observed isomer shifts for the metalla-
been. interpretgd to indicate_ that there is a greater s-electronpemaborane complexés-3, the pentaborane ligand must either
density at the iron nucleus in the [F&{CsHs)(CO):X] com- be a better donor and/or a better acceptor than the analogous
plexes than in the analogous [;&(CsHs)(CO)(PPR)X] com- halide, pseudohalide, or alkyl ligands. If the pentaborane cage

pounds. This observation is consistent with the well-supported js 4 petter donor ligand, then the observed carbony! stretching
concept that C?g's a significantly betteracceptor ligand than  frequency in the infrared spectrum should be lower in com-
the PPj ligand:*® _ , poundsl—3 than in the corresponding halide, pseudohalide, or
Our studies with the iron-substituted small metallaborane 3y| complexes because of the localization of a greater amount
complexesl—6 revealed the same general trends conceming of glectron density on the iron available farbonding to the
the relativer-acceptor strengths of the carbonyl and phosphine ¢4rhony1. In contrast, if the borane cage is a stronger acceptor
ligands toward the iron as those cited above. Compolinds in compoundsl—3, then the carbonyl stretching frequency
in whlch_the coordination sphere around the iron consists of \would be expected to be higher than the corresponding halide,
two CO ligands and the cage, were found to have lower isomer ,sq,,4ohalide, or alkyl complexes because less electron density
shifts than complexe$ands, in which the coordination sphere g qyailaple forr-back-bonding from the iron into the* orbital
around the iron consists of one carbonyl ligand, one phosphine ot the carbonyl ligand. The observed infrared carbonyl stretch-
ligand, and the cage. In addition, compoudes3were found g frequencies in compounds-3, given in Tables 5 and 6,

(19) (a) Eaton, G. R. Lipscomb, W. MIMR Studies of Boron Hydrides are clearly lower than those in the comparison group, suggesting

and Related CompoungdBenjamin: New York, 1969. (b) Todd, L. that the pentaborane cage is primarily a better donor ligand
J.; Siedle, A. RProg. NMR Spectrosd 979 13, 87. relative to this group. While borane clusters are often incorrectly
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regarded as “electron deficient” species, because they apparently
have fewer valence electrons than valence orbitals and require
the use of multicenter bonding schemes, it is far more accurate
to view them as relatively electron rich, delocalized systems
capable of significant electron donation toward external metal
centers, as is evidenced in the observedssbauer spectral
isomer shifts in compoundk—3 reported here.

Comparisons of the infrared aAtB NMR spectroscopic data
with the Massbauer parameters for thebound [Fef5-CsHs)-
(CO)y(cage)] complexes—3, given in Table 6, are consistent
with the trends anticipated. Of the three complexé3,had
the lowest isomer shift and the lowest carbonyl stretching
frequency. This is consistent with the idea that the?[3- ] ] ]
(P(GH)20Bst]  ligand is a betier donor than {8~ as ¢ 3R, SRR ERTe Bzt the
expectgd on the b.aS'.S of the p_resumed electr_on donatlngso% probability level. The hydrogen atoms of thgHgring have been
properties of the bridging phosphine cage substitutent. The gnitted for clarity.

Mossbauer spectral parameters are also consistent with the

observed B NMR chemical shifts for these complexes. on the basis of these observations, the resonance at 7.9 ppm
Compoundl, which contains the bestdonating borane ligand,  \yas assigned spectroscopically to the terminal iron-substituted
had the smallest observed isomer shift and the largest downfieldyasa1 boron atom (B(2YY. A single crystal X-ray structural
chemical shift in the'B NMR (6 = 23.3 ppm). analysis confirmed th& was indeed a 2-substituted terminally
The isomer shifts for compoundsand5 indicate that these  bound metallapentaborane. The atom numbering scheme and
complexes have significantly less s-electron density at the iron molecular structure fa2 is given in Figure 3. Crystallographic
nucleus than do compounds-3. The phosphino bridged  data, bond lengths, and bond angles are given in Tab#s 1
compoundd, 4, and5 have very different isomer shifts ranging  The [Fe>-CsHs)(CO),] unit in 2 is o-bound to a single basal
over an order of magnitude from 0.024 mm/s to 0.244 mm/s, a boron atom of a square pyramid of boron atoms. The iron may
range which presumably must be the result of the different sized be thought of as displaying a distorted tetrahedral geometry
borane cage ligands present in the complexes. Although acoordinated to two carbonyl ligands, the pentaborane cage, and
comparison of only three compositionally analogous ffe(  the centroid of the cyclopentadienyl ring. The bond lengths
CsHs)(CO)(cage)] complexes in which the cage decreases in and angles of the molecule are typical of other molecules which
size from five to three boron vertices is possible here, an contain either the [Fef-CsHs)(CO),] or [BsHg] fragments. In
interesting qualitative trend was observed for these species incontrast with the large distortion in the structure previously
the Mssbauer spectral data in which the isomer shifts decreasereported forl, there is relatively little distortion in the square
linearly as the cage becomes progressively smaller. While pyramidal pentaborane cage in the crystal structu2®fThe
detailed considerations of this trend are not possible due to theB(1)—B(basal) bond distances i are all approximately the
widely differing cage-metal center interactions, such a general same, ranging from 1.655 to 1.690 A. The [FeCsHs)(CO)]
decrease in the isomer shifts would be anticipated because thédragment apparently causes relatively little distortion of the cage
cage should become a poorer electron donor as it becomesonding relative to the paremtido-BsHg cluster. There are,
smaller. Further qualitative support for this analysis is obtained however, small inductive effects in operation because the-B(1)
from infrared data which indicates that thgHgPPh~ ligand B(2) distance of 1.69 A is the longest of the four B distances.

in 4 is a better donor than thesB7PPh ™ ligand in5 because The X-ray structural results for compounds?2, 5, and 6
the carbonyl absorption frequency 4nis significantly lower  were found to agree with the general analysis that the s-electron
than that of5. density on the iron nucleus increases in the ofder6 < 2 <

It is useful to compare the observed s&bauer spectral 1, as observed in the Msbauer spectral results. The carbonyl
parameters for the metallaborane complexes with their X-ray C—O bond distances increase in exactly this same order, as is
crystallographically determined bond distances and angles. Theshown in Table 7. While there is a general increase in the CO
crystal structures for compounds5, and6 have been reported  bond distance with decreasing isomer shift.the magnitude
previously>670 Particularly useful in comparison with these of the change of the CO bond distance is not as striking as the
complexes, however, is the crystallographic data for compound differences observed between isomer shifts for these compounds.
2, because it represents the direct analogue of compatnd The diminution of the changing electron distribution effect in
which theu-2,3-(P(GHs)2) unit of 1 has been replaced by a the carbonyl bond distances probably results because changes
bridging u-B—H—B unit in compound. The X-ray structure in electron density at iron, as measured directly in the isomer
of compound2 has not been reported previously. shift, are distributed among the entire ligand sphere of the metal

[Fe(5-CsHs)(CO)I] with Na[BsHs] in THF at low tempera- the isomer shift directly measures the effect of changing the
turel® The 1B NMR spectrum of the complex, with four ~ €lectronic environment at the iron, the carbonyl bond distance

resonances in a 2:1:1:1 ratio, is indicative of a basal substitution Measurements only indirectly reflect these changes. Similar
of a [Fef;>-CsHs)(CO)] unit in a terminal position. The farthest

downfield peak was observed as a singlet in both'theoupled (21) ﬁ/lacl?bsl_en, Gg.;JAanerqlsen, ET Lﬁ; Housgt;]raft, 1C9.8E?.;2I-(|302%,4|;. E.; Buhl,
_ 1 . L.;Long, G. J.; Feniner, 1. HNOrg. em ) 3 .

and d_eCOUpl_ed mo‘?'e$3 = 7_‘9 ppm). Also, t_hel B NMR (22) Vites, J.; Housecraft, C. E.; Eigenbrat, C.; Buhl, M. L.; Long, G. J,;

chemical shift of this peak is20 ppm downfield from the Fehlner, T. PJ. Am. Chem. Sod 986 108, 3304.

equivalent basal boron resonance kHB (6 = —12.6 ppmy° (23) Housecraft, C. E.; Buhl, M. L; Long, G. J.; Fehiner, T.J° Am.

Chem. Soc1987 109, 3323.
(24) Davis, B. R.; Bernal, I.; Buttone, J.; Good, M. Moessbauer Eff.
(20) Davison, A.; Traficante, D. D.; Wreford, S. 5.Am. Chem. So&974 Methodol 1973 8, 127.

96, 2802. (25) Birchall, T.; Drummond, lInorg. Chem 1971, 10, 399.
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Table 7. Selected X-ray Bond Distances and 88bauer Spectral Isomer Shifts for Compoudg, 5, and6

CcoO Fe—-C(0O) isomer shift
compound distance (A) distance (A) (78 K) ref
[Fe(°-CsHs)(CO)BsH;P(CsHs),] (1) 1.157(4) 1.725(4) 0.024 5
1.157(4) 1.738(4)
[Fe(7°>-CsHs)(CO)BsHg] (2) 1.151(4) 1.734(3) 0.039 this work
1.148(4) 1.738(4)
[Fe(®>-CsHs)(CO)BsH+(P(CsHs)2)] (5) 1.144(5) 1.758(4) 0.244 6
[Fe@7°-CsHs)(CO)BsHg] (6) 1.146(5) 1.728(4) 0.04 7b

relationships between the ‘ldsbauer spectral parameters and
the 1B NMR data for these complexes, given in Table 6, were
also observed.

Conclusions

The Messbauer effect data for compounds-6 provide
additional information on the electronic distribution and bonding

considerations of the borane ligands in organometallic com-

plexes. The conclusions derived from the ddbauer results
are directly supported by the infraredB NMR, and X-ray
crystal structural results for these complexes. Compotnrd&s

were found to be superior donors compared to their halide,

pseudohalide, or alkyl analogues. The ddbauer spectral
results also showed that the-2,3-(P(GHs)2BsH7]~ ligand is
a superior electron donor to the unsubstitutegHg~ ligand.
The data for compounds, 4, and5, suggest that the borane

density on the iron nucleus increases in the ofder6 < 2 <

1. The results of this study are also in general agreement with
the Mssbauer study of other compounds of the general formula
[Fe(°-CsHs)(CO)LX], where L= CO or PPgand X= halide,
pseudohalide, alkyl, or silyd:*
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cage becomes a poorer donor ligand as it becomes progressivelfpond distances and angles involving both non-hydrogen and hydrogen

smaller. The X-ray crystallographic data for compoutdg,

5, and6 were also found to agree with the trends observed in
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the M&ssbauer spectral data, which showed that the s-electroniC9605478



