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The bis@haephite) anionic hydride [E%,N+][HFe(CO)28(OPh)3)2-] has been synthesized by deprotonation 
of H,Fe(CO),(P(OPh)d, with [Et4N+] [OH-]. The [Et4N+] [HFe(CO),(P(OPh),)J salt was characterized 
by X-ray *action, crystallizing in the monoclinic space group Cc (No. 9) with a = 15.821 (4) A, b = 15.168 
(3) A, c = 19.125 (5) A, /3 = 111.05 (2)O, V = 4283 (2) A3, and 2 = 4. In the solid state the hydride anion 
has a distorted-trigonal-bipyramidal geometry in which the hydride ligand occupies an axial position with 
an Fe-H bond dietance of 1.47 A. One triphenyl phosphite ligand is cia to the hydride and has an Fe-P, 
bond distance of 2.076 (1) A, the other is trans with Fe-P, = 2.083 (1) A, and LF'.~-F~-P, is 103.2 (1)O. 
Analysis of the v(C0) infrered and 'H NMR reaulta imply that in solution the isomer m which both phcephite 
ligands are cis to the hydride predominates as the ground-state structure. The alkali-metal cations Na+ 
and K+ form contact ion pairs with we(CO),(P(OPh)3)J, specifically interacting with the carbonyl oxygene 
of both CO ligands simultaneously. The [HFe(CO),(P(OPh) anion reacta with PhSSPh to yield 
[Et4N+][(PhS)Fe(CO),(P(OPh),);] but is unreactive with Me d SMe and t-BuSS-t-Bu. 

Anionic transition-metal hydrides typically require the 
presence of carbonyl ligands to stabilize the electron-rich 
metal centers.'$ The substitution of one CO by a phos- 
phorus-donor ligand has been shown to lend greater nu- 
cleophilic (hydride anion transfer) character to such hy- 
drides as cis-HM(CO),P&- (M = Cr, W) vs HM(C0)6-,9 
even though the homolytic bond strength of M-H is en- 
hanced by phosphine substitution! 

Monomeric iron hydrides HFe(CO)4- and HFe(C0)3- 
(PRJ- have also been compared for structural and re- 
activity differenma6 The latter are particularly intereating 
in that the PRS ligand (R = Ph, Me, Et) is in the trans 
poeition, as expected for a trigonal-bipyramidal structure. 
However, for R = OPh, the ligand is cis to the axial F e H ?  
Most peculiar was the small (maximum of 12 Hz) and 
variable P-H coupling constant of the trans derivatives! 
The temperature dependence was ascribed to slight 
structural changes induced by solvation or solvent di- 
electric constant differenma upon varying the temperature 
or nature of the solvent.' In contrast, ~is-HFe(c0)~P- 
(OPh),- displayed a moderate J P ~  value of 52 Hz? Re- 
gardless of isomeric form, the substituted iron hydrides 
were considerably more reactive than HF~(CO)I toward 
electropbilea such as the 16-electron [W(CO),],e RX, CO,, 

The reaction of iron hydrides with disulfides provides 
synthetic access to the uncommon monomeric anionic 
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carbonyl thiolata? The reaction formally converts H- into 
H+ concomitantly with the reduction of a disulfide to two 
thiolate species, a metal-bound thiolate ligand and a 
mercaptan (eq 1). For the poor nucleophile HFe(CO)4-, 
the reaction was limited to PhSSPh, whereas with the 
more electron rich HFe(CO)3P&-, less reactive alkyl di- 
sulfides could be used to extend the series of FeSR- 
functionalities.10 

Hl?e(C0),(PR3)- + R'SSR' - 
R'SFe(C0)3(PR3)- + R'SH (1) 

In order to further enhance the reactivity of the hydride, 
we queried whether more highly substituted complexes 
such as HFe(CO),(P&),- might be prepared and used in 
such hydride/thiolate exchange reactions. In fact, the 
synthesis of the bis(phosphine)-substituted hydrides by 
the route available to the monosubstituted hydride" (eq 
2) was unsuccessful in our hands, presumably due to the 
diminished electrophilicity of the carbonyls in (R3P),Fe- 

(R3P)Fe(CO), + OH- - (CO),. 

4 0 2  (R3P)Fe(CO)3C(=O)OH- - HFe(CO),(PR,)- (2) 

The discovery of a facile, one-pot synthesis of the di- 
hydridea H2Fe(CO),(P(OR)J2 (R = Ph, Et)', suggested an 
examination of deprotonation reactions as a route to the 
hydride anion. The report below examines thii synthetic 
route and delineates both chemical reactivity and the 
structural/spectral characteristics of the unique hydride 
anion HFe(CO),(P(OPh)J,-. To our knowledge, this is the 
f i i t  anionic iron hydride, disubstituted with phospho- 
rus-donor ligands, to be crystallographically characterized. 
Recently an analogous anion, HFe(CO),((C2FS),PCH2C- 
H2P(C2F6)2)2-, was synthesized by deprotonation of ita 
parent dihydride.13 
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Experimental Section 
A. Methods and Materials. All reactions, sample transfers, 

and sample manipulations were carried out with standard Schlenk 
techniques (Ar atmosphere) and/or in an argon-atmosphere 
glovebox. All solvents were distilled under Nz from the appro- 
priate drying agents (hexane, tetrahydrofuran (THF), and diethyl 
ether from Na-benzophenone). H$e(C0)2(P(OPh)3)212 and 
KBPh," were prepared according to literature procedures. The 
crown ether 18-crown-6, as well as NaBPb, PhSSPh, and NaOD 
(40% weight solution in DzO) (Aldrich), D20 and acetone4 
(Cambridge Isotopes), and Et4NOH (25% w/w in methanol) 
(Sigma) were used as received. THF-d8 (Cambridge Isotopes) was 
stirred over Na-benzophenone and trap-to-trap vacuum-trans- 
ferred. Elemental analysis was performed by Galbraith Labo- 
ratories. 

B. Instrumentation. Infrared spectra were recorded on an 
IBM IR/32 spectrometer or a Galaxy 6021 Series FTIR instru- 
ment. NMR spectra were recorded at  200 MHz on a Varian 
XL-200 spectrometer. 

C. Preparations and Reactions. 1. Preparation of 
[ Et4N][Fe(H) (CO),(P( OPh)&]. The starting material H2Fe- 
(CO)2(P(OPh)8)2 (1.15 g, 1.57 mmol) was placed in a 100-mL 
Schlenk flask, and a 40-mL portion of THF was added to give 
a colorless solution. A 1.00-mL (1.71-"01) aliquot of the 
methanolic [Et4N][OH] solution was added to the reaction veseel 
by syringe, reaulting in a color change to pale yellow. The reaction 
mixture was stirred for 30 min, after which time the solution was 
concentrated to ca. 20 mL under vacuum and placed in an ice 
bath. Fifty milliliters of a hexane and diethyl ether mixture, in 
a 4 1  ratio, was layered onto the THF solution slowly, and solvent 
diffusion caused the formation of a pale yellow crystalline material 
at the solvent interface. The supematant was removed by cannula, 
and the pale yellow solid was twice washed with 15 mL of degessed 
HzO to remove any residual Et4NOH. The solid was then dried 
under vacuum overnight; yield 1.15 g, 85%. Anal. Calcd for 
C,&610JWzFe: C, 63.97; H, 5.95. Found C, 63.79; H, 6.10. IR 
(v(CO), THF): 1924 ah, 1911 m, 1838 8 cm-'. 'H NMR (ace- 
tone-d,,): 6 -10.9 (d, JPH = 57 Hz), 6.23-6.7 (m). '% NMR 
(acetone-de): 13 224.2. 31P NMR (acetone-d,,/THF): 6 175.5 (d, 

2. Preparation of [EtlN][(PhS)Fe(CO)~(P(OPh),)~l. The 
starting material [E4N] [Fe(H)(CO)z(P(OPh)3)2] (0.20 g, 0.23 
mmol) was placed in a 50-mL Schlenk flask with 0.051 g (0.23 
"01) of diphenyl disulfide. A total of 25 mL of THF was added 
to give a yellow-orange solution. The reaction mixture was stirred 
for 30 min, after which time the solution was concentrated to 10 
mL under vacuum. Hexane was layered in slowly, and the flask 
was cooled to 0 "C overnight to precipitate a golden orange 
semicrystalline solid. The mother liquor was removed via cannula, 
and the solid was washed twice with hexane. The dried orange 
solid weighed 0.20 g, an 88% yield. IR (v(CO), THF): 1928 m, 
1858 s cm-'. 'H NMR (acetone-d,,): 6 7.4-6.4 (m). 13C NMR 
(acetone-d6): S 220.8. 31P NMR (acetone-d,/THF): 6 173.4 
(singlet). 

D. Ion Exchange. Alkali-metal cations were replaced for 
Et4N+ cations of the HFe(C0)2(P(OPh)3)z- salt wing KBPh4 or 
NaBPh, as exchange reagents. A bfold ex- of the alkali-metal 
salt was typically added to a 0.06-mmol portion of the hydride 
in 3 mL of THF solution, resulting in the formation of a white 
precipitate, preaumably [Et4N+] [BPhJ . Spectral measurements 
in THF were made on the supernatant without isolation of the 
Na+ or K+ salts. Five equivalents of 18-crown-6 was then added 
to the alkali-metal cation solution, and IR spectra were measured. 

E. X-ray Crystal Structure Determination of [Et,N]- 
[HFe(CO)z(P(OPh),)z]. A colorless parallelepiped (0.66 mm 
X 0.80 mm X 0.81 mm) was mounted on a glass fiber with grease, 
at room temperature, in a drybox and cooled to 193 K in a Nz 
cold stream (Nicolet LT-2) (formula CaHS1N0p2Fe, formula 
weight 863.7). Preliminary examination and data collection were 
performed on a Nicolet R3m/V X-ray diffractometer (oriented 
graphite monochromator, Mo Ka (A = 0.71073 A) radiation). Cell 

J ~ H  57 Hz). 

Darensbourg et al. 

(?3) Brookhart, M.; Chandler, W. A.; Pfmter, A. C.; Santini, C. C.; 

(14) Bhattacharyya, D. N.; Lee, C. L.; Smid, J.; Szwarc, M. J.  Phys. 
W h b ,  P. S. Organometallics 1992,11,1263. 

Chem. 1965,69,608. 

Table I. CrYstallomaDhic Data for 

color 
habit 
cryst size 
space group 
unit cell dimens 

volume 
formula unita/cell 
fw 
density (calcd) 
a h  coeff 
F(o00) 
temp 
radiation 
R(F) 
RJF)  

colorlea 
parallelepiped 
0.66 mm X 0.80 mm X 0.81 mm 
monoclinic, Cc (No. 9) 
a = 15.821 (4) A 
b = 15.168 (3) A 
c = 19.126 (5 )  A 
6 = 111.05 (2)' 
4283 (2) A3 
4 
863.7 
1.339 g/cm3 
0.476 mm-' 
1816 e 
193 K 
Mo Ka (A = 0.71073 A) 
2.33% 
3.40% 

parameters (monoclinic, Cc (No. 9), a = 15.821 (4) A, b = 15.168 

= 1.339 g cm-', j~ = 0.476 mm-', 2 = 4, F(000) = 1816 e) were 
calculated from the least-squares fitting of the setting angles for 
11 reflections (28, = 40.7). o scans for several intense reflections 
indicated good crystal quality. 

Data were collected for 5.0' I 219 I 50.0° (a (Wyckoff) scans, 
-17 I h I +18,0 I k I +l8,-22 I I I O )  at 193 K. Scanwidth, 
on o, for the data collection was 0.60°, with a variable scan rate 
of 2.00-14.65' mi&. Three control reflections, collected every 
97 reflections, showed no significant trends. Background mea- 
surements by stationary crystal and stationary counter techniquee 
were made at  the beginning and end of each scan for 0.50 of the 
total scan time. 

Systematic absences indicated that the choice of space group 
was either C2/c or Cc. Intensity statistics favored the noncen- 
trosymmetric space group Cc, and thua Cc was chosen for s m  
and refinement. Refinement of the structure in the space group 
C2/c was attempted, but the results did not compare favorably 
with the results employing the choice of the space group Cc. 

Lorentz and polarization corrections were applied to 4034 
reflections. A semiempirical absorption correction was applied 
(ellipsoid approximation; ~.cr = 0.05; T,, = 0.9497,T- = 0.8736). 
A total of 3877 unique reflections, with 2 O.O[u(I)], were ueed 
in further calculations. The structure was solved by direct 
methods (SHELXS, SHELXTL-PLUS program package].15 
Full-matrix least-squares anisotropic refiement for all non-hy- 
drogen atoms (SHELXS, SHELXTL-PLUS program package; 
number of least-squares parameters 523; quantity minimized 
&(F, - FA2; w-'= u2F + gF, g = 0.000 90) yielded R = 0.023, 
R, = 0.034, and S = 1.09 at convergence (largest A/. = 0.0015; 
mean A/u = 0.0003; largest positive peak in the final Fourier 
difference map 0.49 e A+; largest negative peak in the final Fourier 
difference map -0.18 e A-3). The Rodgem absolute configuration 
parameter q was refined to 0.96 (4), and the Hamilton significance 
teat indicated the correct absolute configuration was chosen The 
extinction coefficient x (where Fc = Fc/ [ l+  0.002xF,2/(sin 28)Iw) 
was refined to 0.000 17 (4). The hydride ligand, H(l), WBB located 
in the Fourier difference map and its position was fued at 1.47 
& but it was not refined. Hydrogen atoms were placea in idealized 
positions with isotropic thermal parametem fixed at 0.08. Neutral 
atom scattering factore and anomaloua scattaring correctioll terms 
were taken from ref 16. A summary of the crystallographic data 
is in Table I. Tables giving final positional parameters and the 
anisotropic thermal parameters are available as supplementary 
material. 

(3) A, c = 19.125 (5) A, /3 = 111.05 (Z)', V 4283 (2) A', D m  

~~ 

(15) All crystallographic calculations were performed with 
SHELXTGPLUS (rev. 3.4) (G. M. Sheldrick, Inetitut fur Anorgdsche 
Chemie die Univereitat, Tammannstraeee 4, D-3400 Gottingen, Federal 
Republic of Germany). 

(16) International Tables for X-ray CrystaNogrophy; H~M,  T., Ed.; 
D. Raidel: Dordrecht, Holland (distributed by Kluwer Academic Pub 
lishers), 1987; Vol. A, pp 101-709. 
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The Electron-Rich Fe Hydride HFe(CO)2(P(OPh),); Organometallics, Vol. 11, No. 10, 1992 3187 

Fe-H( 1) 
Fe-C(l) 
F d ( 2 )  
Fe-P(l) 

H( l)-Fe-C(l) 
H( l)-Fe-C( 2) 
H(l)-Fe-P(l) 
H( 1)-Fe-P(2) 
P( l)-Fe-C(l) 
P( l)-Fe-C (2) 

(a) Bond Distances (A) 
1.469 (1) Fe-P(2) 
1.766 (3) C(l)-O(l) 
1.756 (2) C(2)-0(2) 
2.076 (1) 

(b) Bond Angles (deg) 
85.3 (1) C(l)-Fe-C(2) 
80.8 (1) P(l)-FeP(2) 
76.2 (1) C(l)-Fe-P(2) 

179.1 (1) C(2)-Fe-P(2) 
109.7 (1) Fe-C(l)-O(l) 
119.6 (1) Fe-C(2)-0(2) 

2.083 (1) 
1.154 (3) 
1.153 (3) 

123.1 (1) 
103.2 (1) 
95.6 (1) 
98.9 (1) 

177.9 (3) 
176.7 (3) 

Figure 1. ORTEP representation of the anion HFe(C0)2(P- 
(OPh)&-, showing 50% probability ellipsoids and omitting aryl 
hydrogens. 

Rasults and Discussion 
Synthesis. The air-stable H,Fe(CO),(P(OPh),), was 

synthesized by the method reported by Brunet and co- 
workers.12 Although the dihydride could not be depro- 
tonated with up to 20 equiv of NEt, at 25 OC in THF, the 
anionic monohydride [Et,N] [HFe(CO)2(P(OPh)3)2] was 
obtained on reacting a slight molar excess of [n4N+] [OH-] 
(as obtained in MeOH solution) in THF at room tem- 
perature. Upon addition of 1 equiv of HBF, the dihydride 
was re-formed (eq 3). The [Et,N] [HFe(CO),(P(OPh),),] 

salt is a pale yellow, highly air-sensitive solid which is 
indefinitely stable in the absence of air at room temper- 
ature. The hydride anion is highly sensitive to oxygen but 
is unreactive with degassed HzO. The crystalline material 
is sfliciently insoluble and stable toward degassed water 
to permit ita uae as a wash to remove excess [Et4N+][OH-]. 
X-ray-quality crystals were obtained from hexane/ether- 
/THF. 

Solid-state Structure of [Et4N][HFe(C0)2(P- 
(OPh),),]. Selected bond distances and angles for HFe- 
(CO)2(P(OPh)&2- may be found in Table 11. A packing 
diagram of the salt and a complete listing of all metric data 
are depcsit.4 in the supplementary material. An ORTEP 
plot of the isolated anion (Figure 1) shows a distorted- 
trigonal-bipyramidal geometry in which one phosphite 
ligand occupies an equatorial and the other an axial pos- 
ition. The hydride was located in the axial position with 
an Fe-H distance of 1.47 A and an LH-F~-P, angle of 
179.1'. The greatest deviation from ideal TBP geometry 
lies in a bending of the CO groups and the equatorial 
phosphite toward the hydride site. The Fe(C0)R2 portion 
of the anion has considerable tetrahedral character, and 

Table 111. Compariron of Selected Bond Dirtancer (A) and 
Angler (deg) in Monomeric Iron Hydrider 

H 

98.4 (7) 99.5 13) 
101.9 (7) 99.5 (3) 
96.9 (8) 99.5 (3) 
1.57 (12) 

2.187 (1) 

1.72 (2) 
1.75 (3) 1.719 (9) 
1.18 (2) 
1.15 (3) 1.168 (8) 

a This work. 

95.7 (3) 
101.3 (4) 95.6 (1) 
103.0 (4) 98.9 (1) 
1.56 (7) 1.47 

2.083 (1) 
2.083 (2) 2.076 iij 
1.728 (10) 
1.732 (9) 1.756 (3) 
1.180 (13) 
1.163 (8) 1.154 (3) 

the hydride ligand may be considered as buried in the 
Fe(CO),P face of the tetrahedron; ita stereochemical re- 
quirement forces an opening of that face. 

Comparison of Solid-state Structures of Anionic 
Iron Hydrides. Table I11 compares pertinent distances 
and bond angles of the four known monomeric iron hydride 
structures, as referenced to a distortd-TBP structure. If 
such a description is indeed valid, the CO ligands may be 
viewed as equatorial in the PPh3 derivative as well as in 
the bis(phosphite) anion. This position is consistent with 
the equatorial site preference of .rr-accepting ligands in a 
trigonal-bipyramidal geometry." The mono(phosphite) 
structure implies, however, that the site preference is not 
rigorously maintained for the poorer donor ligand (P- 
(OPh),. Between all structures the Fe-C and Fe-P bond 
distances do not significantly differ. 

A priori, the presence of bulky P-donor ligands is ex- 
pected to sterically repel the CO groups toward the hydride 
site. Nevertheless, the bending of the equatorial ligands 
toward the axial Fe-H moiety in trans-HFe(CO),PPh,- 
(D=-Fe-Cq = 99.6OY is similar to that observed in 
HFe(CO),-, in which LC,-Fe-C,(av) = 99.l0.l8 cis- 
HFe(CO),(P(OPh),)- permite direct comparison of LC,- 
Fe-P, and LC,-F~-C, angles within the same ion and 
interestingly shows the former to be smaller.s HFe- 
(CO),(P(OPh)d,- displays more predictable steric effecte, 
with the D,-Fe-P, = 103.2' and D,-Fe-C,(av) = 
97.2O. 

Solution Structure of HFe(CO)Z(P(OPh)&-: In- 
frared and NMR Spectroscopy. The IR spectrum of 
the Et,N+ salt of HFe(C0)2(P(OPh)3)2- in CH3CN shows 
two sharp bands of near-equal intensity at 1918 and 1840 
cm-', assigned to the symmetric (A3 and asymmetric (AI') 
stretches, respectively, in C, symmetry. A very similar 
spectrum is obtained for THF solutions of [Na+][HFe- 
(CO)2(P(OPh)3)2-] to which the crown ether 1 8 0 - 6  has 
been added. The lack of base line resolution in the 
1880-cm-l region could be reasonably ascribed to several 
phenomena: impurities such as an isomeric form of the 
anion, a decomposition product such as Fe(CO),(P- 
(OPh),),, or the Fe-H stretch. The last phenomenon is 
consistent with observation of v(FeH) at 1895 cm-I in 
HFe (CO) ,P ( OPh),-.6 

(17) (a) mi, A. R.; Hoffmann, R. Inorg. Chem. 1976,14,365. (b) 

(18) Smith, M. B.; Bau, R. J. Am. Chem. SOC. 1973,95, 2388. 
Burdett, J. K. Inorg. Chem. 1976,15, 212. 
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0.30 i n In 

Zoo0 1900 ls00 

Wavenumters 
Figure 2. Overlay of [Et4Nl [HFe(C0)2(P(OPh)3)21 (-) and 
[Et,N][DFe(C0)2(P(OPh)S)2] (0-0) IR v(C0) spectra, at 25 OC 
in CH3CN. 

In pursuit of the assignment of the lt3fBcm-l IR feature, 
several attempts were made to synthesize the deuteride 
DFe(CO)2(P(OPh)3)2-. While hydrogen-deuterium ex- 
change is a common reaction for many claeees of terminal 
hydrides with dl alcohols or D20, e.g., HFe(CO)sL-,ls 
HCr(CO)4L-,20 HW(CO)4L-,20 HRe(C0)s,21 HMn(CO)5?2 
OeH2(CO)(PRs)3,23 and HCO(CO)~?' we were unable to 
effect exchange of the hydride in HFe(CO),(P(OPh),)f in 
the presence of 10 equiv of D20 or MeOD. 

Thus, D2Fe(CO),(P(OPh)J2 was prepared in a manner 
similar to that used by Brunet et al.12 for the synthesis of 
H2Fe(C0)2(P(OPh)3)2 (eq 4). The difference was that 

NaOD 2P(OPh)s 
Fe(CO)s - "1 [DFe(CO)4-l 

D2Fe(C0)2(P(OPhM2 (4) 
DFe(C0l4- was generated in situ by the reaction of Fe(C0I5 
and NaOD, and D20 was substituted for H20 as solvent 
in the subsequent reaction with 2 equiv of P(OPh)* The 
D&?F~(CO)~(P(OP~)~~ complex was then deprotonated with 
2 equiv of [Et4N+][OH-] in MeOH to form [Et4N+][DFe- 
(CO)2(P(OPh)s)2-]. (Since the H/D exchange reactions 
were negative for H20 or MeOH, it was not necessary to 
use [Et4N+][OD-] in MeOD.) The CH3CN solution v(C0) 
IR spectrum of [Et4N+] [DFe(CO),(P(OPh),),-] showed 
clear base l i e  resolution between the two bands at 1918 
and 1854 em-'. Overlays of the CH3CN solution spectra 
of HFe(CO)2(P(OPh)3)2- and DFe(C0)2(P(OPh)3)2- as 
Et4N+ salts are shown in Figure 2. Both the shift in the 
lower frequency v(C0) band% and the base line resolution 
between the two bands on replacing H with D are con- 
sistent with assignment of the 1880-cm-' feature to the 
Fe-H stretch. On the basis of this assignment, the Fe-D 

(19) Ash, C.E. P b D  Dissertation, Texas A&M University, 1987. 
(20) Gaue, P. L.; Kao, S. C.; Darensbourg, M. Y.; Amdt, L. W. J. Am. 

Chem. SOC. 1984,106,4752. 
(21) (a) Beck, W.; Hieber, W.; Braun, G. Z. Anorg. Allg. Chem. 1961, 

308,23. (b) Braterman, P. S.; Harril, R. W.; Kaeez, H. D. J.  Am. Chem. 
SOC. 1967,89,2851. 

(22) Andrew, M. A,; Kirtley, S. W.; Kaetz, H. D. Adu. Chem. Ser. 
1978, No. 167, 215. 

(23) Vaska, L. J. Am. Chem. SOC. 1966,88,4100. 
(24) Ungvary, F.; Marko, L. Organometallics 1983,2, 1608. 
(25) Walker, H. W.; Ford, P. C. Inorg. Chem. 1982,21, 2509. 

Table IV. *H NMR (ppm) and r(C0) Band P ~ r i t i o ~  (om-') 
for Solutionsa of [aation+][aPe(CO),(P(OPh)~)~-] 

cation+ v(C0) acetone-dd 
'H NMR (THF-de, 

Et4N 1919 (e), 1840 (a)b 
EtdN 1928 (ah), 1911 (a), 1833 (w) -10.9 (t,  JPH 67 Hz) 
Na 1916 (a), 1820 (ve) -10.8 (t, JPH = 64 Hz) 
Na + Cr' 1919 (a), 1841 (e) 

K + C f  1922 (a), 1844 (8) 

18-crown-6. 

K 1914 (e), 1826 (w) -10.9 (t, JpH = 49 Hz) 

THF solution spectra except where noted. CHBCN solution. 

stretch is calculated to be at 1320 cm-'; however, due to 
overlapping bands in that region, no definite identification 
could be made. 

The resolution of the v(C0) region in the [Et,N+]- 
[ DFe( CO),(P(OPh),),-] solution IR spectra permitted 
measurement of v(C0) IR intensity ratios in the absence 
of Fe-H coupling. These were applied toward the calcu- 
lation of the internal C O - F d O  angle in accordance with 
a procedure described by Darensb~urg.~ Equations 5 and 
6 were used to calculate the internal angle, where ItA? and 

ll(A") = 2G,[sin2 LY(~'MCO(~))~]  (6) 
are the measured intensities (X10") of the bands at 

1918 and 1854 cm-', respectively. G is the inverse mass 
of a CO group (0.14685); p ' V ( ' )  and ;'Ma(2) are the gmyp 
dipole moment changes wlth respect to the CO stretch i 
each MCO group in the symmetric and antisymmetric 
stretch; a is half the angle between the MCO groups: 

0, 

*a (,FN H 1 L2 

The measured peak areas of the symmetric and asym- 
metric CO stretches gave an I(A') I(A") ratio of 0.67. 

calculated to be 50.7', and thus the CO-Fe-CO angle 
equals 101.4'. Therefore, the angle calculated from the 
solution spectral data is clearly much less than that ob- 
tained in the X-ray solid-state structure of HFe(C0)2(P- 
(OPh),),- (123.1'). However, the 101.4O angle is very 
similar to the axial/equatorial LOC-F~-CO seen in HFe- 
(CO),P(OPh),-, in which the phosphite ligand is in an 
equatorial position? It is ale0 consistent with &O,-Fe- 
CO = 99.1' in HFe(COI4- and Lph$,-FeGO, = 102.2' 
in fie(CO)sPPhs-.$18 This result indicates that the so- 
lution-state structure of DFe(C0)2(P(OPh)3)2- and thus 
the analogous hvdride differs from the solid-state structure 

11'~') = 2G,[cos2 a(p'~co('))~] (5) 

\ 

d: 

Assuming that p'McO(') and p' '~ :co( )  c are equal,% a w a ~  

of HFe (eo) 2( PiOPh),) 2-. 
The Droton NMR sDectra of HFe(CO),(P(OPh)n); salts 

corrobirate the structural implications if the ~ ~ C r e e ~ l t a .  
As shown in Table IV, a triplet centered at -10.9 ppm is 
observed in THF or acetone solutions of the hydride d o n ,  
with phosphorus-hydrogen scalar coupling constante 
ranging from 49 to 57 Hz, dependent on the counterion. 
These JpH values are independent of temperature (from 
-80 to +25 "C). Had the solid-state structure been 
maintained in solution in static form, a doublet of doublets 
would be predicted, on the basis of the fact that trans- 
HFe(CO)sP&- (R = OMe, Ph) showed JpH coupling con- 
stants distinctly different from those of C ~ - H F ~ ( C O ) ~ P -  

(26) Darensbourg, D. J. Inorg. Chem. 1972,II, 1608. 
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The Electron-Rich Fe Hydride iYFe(CO)2(P(OPh),)2- 

(OPh),- (vide supra). If a rapid equilibration of isomeric 
forma A and B averaged the coupling constants, one might 

r H 1- r H 1- 

L 2 

B A 

expect JpH values no higher than 30-40 Hz (based on a 
maximum of 12 Hz for the trans JpH value and 60 Hz for 
cis JPH) and a dependence on temperature.6*6 A ground- 
state structure in which both P-donor ligands are in 
equatorial sites, i.e., structure B, is thus most consistent 
with the lH NMFt spectrum and is ale0 consistent with the 
obeerved doublet (JpH = 57 Hz) in the ,'P NMR spectrum. 
Certainly the anion is fluxional, as evidenced by the ob- 
mrvation of a singlet at 6 224.2 in the '9c NMR spectrum. 
"his rapid exchange of the carbonyl ligands is also ob- 
served in the 13C NMR spectrum of ~is-HFe(c0)~P- 
(OPh),-, which contabu a singlet at 6 224 at temperatures 
as low as -110 OC.8 

Another interpretation of the two isomeric forms A and 
B is that formal addition of a hydride ligand along the 
LaCO face of the L2Fe(C0)2 pseudotetrahedron easily 
generatee B, the geometrical form seen in solution; addition 
along the L(CO)2 face generates form A, the geometry in 
the solid state. 

Note that the intensity ratio of the A' to A" bands is a 
simple inverse tangent function of LOC-Fe-CO; a single 
band would result from a 180° angle, and two bands of 
equal intensity would result from a 90° angle between the 
CO groups. Thus, in the absence of significant M-H 
coupling, an approximate structure can be deduced from 
inspection of the u(C0) IR pattern. 

Ion Pairing. The interactions of cations with anionic 
hydrido carbonylates have been used to indicate the site 
of greatast electron density in the anions.lf' Experimen- 
tally this is accomplished by comparison of the u(C0) IR 
spectra of solutions containing the anion in a form un- 
perturbed by interacting cations with spectra measured 
on salts dissolved in solvents of low dielectric constant 
which would promote contact ion pairing. The u(C0) IR 
spectrum of the HFe(C0)2(P(OPh)d2- anion, unperturbed 
by interacting cations, is taken to be that of the Et4N+ salt 
in CHSCN solution, which was presented above, or that 
of THF solutions of the alkali-metal-cation salts to which 
a crown ether has been added. Earlier work has shown 
that the conductivity of such solutions is relatively small, 
and the ions are mainly present as solvent-separated ion 
pairs, a ~ i p ' s . ~ ~  

Table IV contains the u(C0) IR spectral data for the 
Et,N+, Na+, and K+ salts of HFe(C0)2(P(OPh)&- in THF 
and in CH,CN solutions. In THF solution, Et4N+ is found 
to perturb the u(C0) IR spectrum of HFe(CO)2(P(OPh)&- 
as compared to the CHSCN solution spectrum described 
above. The effect is a shifting of both bands by -7 or -8 
cm-'. In addition, a shoulder developed at 1928 cm-' on 
the higher frequency band. Such complexities have pre- 
viously been observed in solution spectra of other carbo- 
nylate anions as their Et4N+ salts and are presumed to be 
due to del-, but ill-defined, ion-pair interactions and 
ion-pair equilibria.28@' 

(27) D W M ~ O W ~ ,  M. Y.; Barroe, H. L.; Borman, C. J.  Am. Chem. SOC. 

(28) D ~ ~ b o u r g ,  M. Y. Prog. Inorg. Chem. 1985,33, 221. 
(29) Darembourg, M. Y.; Sactett, J. R.; Jimiiez, P.; Hanckel, J. M.; 

1977,99,1647. 

Kump, R. L. J.  Am. Chem. SOC. 1982,104, 1521. 
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The IR spectra of the Na+ and K+ aalts of HFe(CO)p 
(P(OPh)&- in THF showed a shift of both CO absorptions 
to lower frequencies as compared to the solutions to which 
the 18-crown-6 alkali-metal-ion sequestering agent had 
been added. The higher frequency band is shifted least, 
by only 3 cm-l, while the lower is shifted by ca. 20 cm-l 
(Table IV). The fact that both ban& shift to lower fre- 
quenciea is in contrast to the usual examplea of site-specific 
alkali-metal-cation interactions with carbonylatee.28 Most 
commonly, alkali-metal-cation interaction with one CO 
group (structure C) lowers the CO stretching frequency 

0 0 0 
C D E 

M+ = Na*, K* 

as electron density is polarized onto it via r-back-bonding, 
concomitant with a reduction of 1-back-bonding to t h w  
CO groups that do not encounter a contact ion pair in- 
teraction and an increase in their u(C0) ~ a l u e a . ~  In com- 
parable cases, such as the H((MeO)SP)Fe(CO)2CO--*Na+ 
interaction? the lowering of u(C0) values for the Fe- 
CO--Na+ contact is larger (Au(C0) 2: 30 cm-') than that 
observed here (Au(C0) 2: 20 cm-l). Had the Na+ inter- 
action withdrawn electron density from the Fe (structure 
D) or H- site without interaction with CO groups, both 
u(C0) absorptions would have experienced an increase in 
value due to reduced 1-back-bonding. 

Hence, the evidence suggests that the Na+ simultane- 
ously interacts with two CO groups, as indicated in 
structure E and by 

U 

L e ' (  i 
M + , . . ' d  

;..e* \sol 

M+ = Na', K+ 

Such an intimate ion pair is reminiscent of the solid-state 
structure of alkali-metal salta of Fe(C0)P which indicate 
similar cation interactions with the OC-Fe-CO 'ndlylic 
pocket".30 The extent to which the cation engages the 
electron density localized on iron is definitely greater in 
the dianion. The contact ion pair structure we propow 
maintains an axial/equatorial position of CO group con- 
sistent with the similarity in intensity patterns in the IR 
spectrum of the alkali-metal contact ion pairs with that 
of the ssip. 
Chemical Reactivity. Upon addition of PhSSPh to a 

pale yellow solution of [Et4N] [HFe(CO)2(P(OPh)8)~l in 
THF at room temperature, an immediate reaction occurred 
to form an orange solution. The isolated orange solid was 
redissolved in acetone-d6, and NMR spectra were char- 
acterized by multiplets in the 7.64.4 ppm range ('H 
NMR), the lack of a resonance in the high-field iron- 
hydride region, and a singlet in the 31P NMR spectrum. 
The v ( C 0 )  signal in THF showed a two-band pattern at 
1928 (m) and 1868 (8 )  cm-', which are shifted to slightly 
higher energies as compared to the parent hydride anion 
and are similar to what was earlier noted for hydride/ 
thiolate exchange reactions in iron carbonylates.s*6 The 

(30) (a) Teller, R. G.; Finke, R. G.; Collman, J. P.; Chin, H. B.; Bau, 
R. J. Am. Chem. SOC. 1977.99.1104. (b) Bau. R. J. Am. Chem. Soc. 1976, . .  
98,2434. 
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new compound is preaumed to be [Et,N] [ (PhS)Fe(COI2- 
(P(OPh)&] (eq 7). The intensity ratio of the two v(C0) 
HFe(C0)2(P(OPh)3)2- + PhSSPh - 

(PhS)Fe(C0)2(P(OPh)3)2- + PhSH (7) 

IR bands, ca. 0.29, predicts an L O C - F ~ O  angle of ca. 
123O, consistent with a TBP structure in which the 
benzenethiolate ligand is in an axial position and the 
carbonyl ligands are each in equatorial positiona This is 
in contrast with the proposed solution-state confiiation 
of HFe(CO)2(P(OPh)s)f (vide supra). The anionic thiolate 
is stable in solution under argon overnight, but decom- 
position is evident even at -20 "C in the solid state over 
a period of 1 week, hampering elemental analysis. 

Attempts to extend the hydride/ thiolate redox-based 
exchange reaction to alkyl disulfides, Mea2 and t-Bu2S2, 
were un~ucc888fu1. On the basis of the observed reactivity 
of the HFe(CO)3Ph- anions with the dialkyl disulfides as 
well as the diary1 disulfides, the lack of reactivity of with 
MezS2 was of concern. 

Both single-electron-transfer pathways and a nucleo- 
philic replacement reactiona1 (eq 8) are possible mecha- 
nism for disulfide cleavage reactions with anionic hy- 
drides. The collision complex expected for the latter path 

Darensbourg et al. 

both factors oppose our goal of preparing a series of 
(M)Fe(CO)2(P(OPh)J2- anions. Nevertheless, alternative 
routes to the thiolate anions must be explored prior to 
definitive conclusions regarding stability. 

Concluding Comments. The above solid-state/solu- 
tion-state isomerism of the HFe(C0)2(P(OPh)3)2- anion 
illustxates the balance of steric/el&onic effecta that make 
geometrical site preferences in multiligatd TBP structures 
less than predictable by theory. That is, the conclusions 
drawn from overlap and symmetry arguments for penta- 
coordinate complexes, presented by Rossi and Hoffmann 
with prudent notea as to their limitations'" and by Burdett 
with similar caution regarding possible o~ersimplicity,'~~ 
must be viewed as firet approximations only when applied 
to distorted, multiligated complexes such as the one de- 
scribed above. Appropriate to our problem are the axi- 
al/equatorial isomerisms observed in the LM(CO), (M = 
Fe, Ru, Os; L = ER, (E = P, Sb, As)) series of TBP com- 
plexes." Einstein, Pomeroy, and Martii concluded that 
arguments based on the u-accepting, r-back-bonding 
ability of the metal can indeed rationalize the observed 
order with respect to the tendency to generate the equa- 
torial isomer: Ru > Os >> Fe and Sb > As > P." We 
suggest that the anionic hydride ligand imparts to iron 
better r-back-bonding capabilities (perhaps rivaling that 
of Ru?) and poorer u-acceptor ability and enhances the 
potential for P(OPh)3 occupancy of the equatorial site. 
Such an axial/equatorial potential must be 80 poised that 
crystal-packing forces and solvent interactions are suffi- 
cient to enable isomeric "switchoversm.S'( 
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Note added in proof: After this paper was submitted, 
the syntheses of the salts [K+][HFe(CO)2(PR3)2-l (h = 
n-Bua, Me2Ph) were reported by Brunet et al., along with 
solution-state spectral properties.s6 

- Nu-S, f RS- (8) 
R0 R 

L J 

(9) 

and visualized in eq 9 draws on calculations of charge 
distribution in the HFe(CO)cxLx- anions which assign a 
large negative character to the Fe center.1° Certainly such 
an encounter would experience more steric hindrance in 
the bis(phosphite) hydride as compared to the HFe- 
(CO)3PR3- complexes. However, those steric hindrances 
are not prohibitive to the formation of the (PhS)Fe- 
(CO)2(P(OPh),)2- anion and should not be restrictive for 
the SMe- derivative. In the absence of kinetic data to 
establish the molecularity of the hydride/thiolate exchange 
reaction, further mechanistic speculation is unwarranted. 

There are thermodynamic as well as kinetic factors to 
be consideud in delineating the H-/SR- exchange reaction, 
including (1) the Fe-H bond strength, which is expected 
to in- as the number of P-donor ligands increase, and 
(2) the destabilization of Fe-S-alkyl as compared to Fe- 
S-aryl interactions due to the antibonding character of 
sulfur lone pair interactions with fded d, and d orbitals 
on iron.- In the case of the HFe(C0)28(OPhc)2- anion 

Supplementary Material Available: Tables of atom pcai- 
tional parameters, bond lengths, bond angles, and anisotropic 
displacement parameters and a packing diagram and a fully 
labeled ORTEP representation of [Et,N] [HFe(CO),(P(OPh),),] 
(8 pages). Ordering information is given on any current masthead 
page. 

(32) Darenebourg, M. Y.; Longridge, E. L.; Payne, V. A.; Reibenspiee, 
J. H.; Riordan, C. G.; Springs, J. J.; Calabrese, J. C. Inorg. Chem. 1990, 
29. 2721. 

(33) Ashby, M. T. Comments Inorg. Chem. 1990,10,297. 
(34) Martin, L. R.; Einstein, F. W. B.; Pomeroy, R. K. Inorg. Chem. 

(35) Brunet, J.-J.; Commenges, G.; Kindela, F.-B.; Neibecker, D. Or- 
1985,24,2777. 

ganometallics 1992, 11, 1343. (31) Kice, J. L.; Favetritsky, N. A. J. Am. Chem. SOC. 1969,91,1751. 
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