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studies, particularly those of compound II, strongly suggest
that photochemical fragmentation processes can be ef-
fectively inhibited by the presence of certain bridging
ligands, and ligand substitution reactions become impor-
tant.
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Reaction of Cr(CO)g with excess hydroxide ion in refluxing methanol yields a polynuclear chromium
tetraanion, [Cr(CO);5(us-OCHy) %, isolated as its RN* (R = Me, Et) salt. The X-ray structure of
[EtN1,[Cr4(CO),5(us-OCH,),] has been determined; the crystals are orthorhombic, space group Fddd (D2),
Z = 8, with unit cell dimensions a = 12.766 (4), b = 23.694 (7), and ¢ = 38.601 (12) A. The anion consists
of a distorted cubic A,B, (A = chromium, B = oxygen) arrangement with triply bridging u;-methoxide
groups and Cr(CO); units. A nonbonding Cr—Cr distance of 3.31 (6) A (average) is consistent with a
closed-shell metal configuration. Cr(CO)3;(CH3;CN)s is formed as the exclusive product when [Cr,-
(CO)15(us-OCHy),J* is treated with HCl in acetonitrile. Addition of the tetraanion to concentrated ammonium

hydroxide quantitatively yields Cr(CO)3(NHj)s.

Introduction

Reactions of the group 6B metal hexacarbonyls with
hydroxide ion have received considerable attention owing
to the ability of these solutions to catalyze the water gas
shift reaction.? Depending upon reaction conditions, it
has been noted that reaction of Cr(CO), with base yields
HCr(CO); and (u-H)Cr,(CO),;,° as well as other, struc-
turally uncharacterized, polynuclear carbonyl metalates.*
These metalates, isolated from KOH/Cr(CO)¢ reaction
mixtures in protic solvents, such as methanol, were be-
lieved to be binuclear anions with bridging hydroxo and
methoxo groups and containing CO, OH-, and CH;0H as
ligands.

In comparison, a few related polynuclear carbonyl com-
plexes of molybdenum and tungsten have been charac-
terized. In these complexes rather long M-M distances
are consistent with the absence of direct metal-metal
bonding. The structure of [Wy(u-OH)3(CO)s]% 5 a product
of the alkaline hydrolysis of W(CO), consists of two W-
(CO); fragments bridged by three hydroxo groups. Hie-
ber’s acid, [HM(CO)4(u5-OH)], (M = Mo, W), is a tetra-
hedral array of M(CO); units (structurally characterized
for the W derivative) with triply bridging OH groups. The
neutral adduct, [Mo(CO),(NO)(us-OH)],,” prepared from
the molybdenum derivative of Hieber’s acid by replace-

(1) (a) Loyola College. (b) Brandeis University.

(2) For leading references, see: Darensbourg, D. J.; Rokicki, A. Or-
ganometallics 1982, 1, 1685,

(3) Darensbourg, D. J.; Rokicki, A. ACS Symp. Ser. 1981, No. 152, 107:

(4) Hieber, W.; Beck, W.; Braun, G. Angew. Chem. 1960, 72, 795 and
references cited therein.

(?}) Albano, V.; Ciani, G.; Manassero, M. J. Organometal. Chem. 1970,
25, CB5.

(6) Albano, V.; Bellon, P.; Ciani, G.; Manassero, M. J. Chem. Soc.,
Chem. Commun. 1969, 1242,

(7) Albano, V.; Ciani, G.; Manassero, M.; Sansori, M. J. Organometal.
Chem. 1972, 34, 353.

ment of one CO at each metal atom by a nitrosyl group,
also contains u3-OH bridges. Unusual trimeric species with
both doubly and triply bridging ligands are known,
[Mo3(CO)(NO)3(u-OCHy);(us-OCH,)]~8 and [W3(CO)g(u-
OC,H;) (u3-OCyH;),)%3? the tungsten anion is noteworthy
in that it is believed to contain a W-W bond on the basis
of bond length and the 18-electron requirement.

We now wish to report the synthesis, spectral, and X-ray
structural characterization of a polynuclear chromium
tetraanion, [Cr,(CO),5(us-OCHy)]*, a species isolated as
its R,N* (R = Me, Et) salt from the reaction of Cr(CO),
and excess hydroxide ion in methanol. Procedures for the
efficient syntheses of Cr(C0O)3(CH;CN); and Cr(CO),(N-
H,); from this polynuclear tetraanion are also presented.

Experimental Section

General Methods. All manipulations involving air-sensitive
compounds were performed with Schlenk techniques under an
argon atmosphere or in a Vacuum Atmospheres inert atmosphere
chamber under prepurified argon. All solvents were purified by
distillation under nitrogen prior to use. Acetonitrile and methanol
were distilled from calcium hydride, tetrahydrofuran from lithium
aluminum hydride. IR spectra were obtained on a Perkin-Elmer
283 spectrometer. '"H NMR spectra were recorded on a Varian
EM-360 spectrometer or Varian HFT-80 spectrometer. 13C NMR
spectra were obtained with a Bruker HFX-90 spectrometer. All
NMR data are listed in ppm relative to internal Me,Si. GC
analyses were performed with a Gow-Mac 69-100 gas chromato-
graph using a 4 ft X !/, in. stainless-steel column packed with
Carbowax 20M. Chromium hexacarbonyl was purchased from
Pressure Chemical Co., tetramethylammonium hydroxide (20%
(w/w) in MeOH) from Alfa Products. Elemental analyses were
performed by Schwarzkopf Microanalytical Laboratories.

(8) Kirtley, S. W.; Chanton, J. P.; Love, R. A,; Tipton, D. L.; Sorrell,
T. N.; Bau, R. J. Am. Chem. Soc. 1980, 102, 3451.
(9) Ellis, J. E.; Rochfort, G. L. Organometallics 1982, 1, 682.

0276-7333/84/2303-0552801.50/0 © 1984 American Chemical Society



A Polynuclear Chromium Tetraanion

[Et,N1ICr,(CO);5(us-OCH,),] (1). To Cr(CO); (5.0 g, 0.023
mol) in a 250-mL Schlenk tube equipped with a stir bar was added
25% (w/w) Et,NOH (40.6 g, 0.069 mol OH") in methanol. Ap-
proximately 60 mL of dry methanol was added to the reaction
flask via cannula. The Schlenk tube was then fitted with a reflux
condenser and stopcock. With stirring, the reaction mixture was
heated at approximately 50 °C for 6 h, in order to prevent ac-
cumulation of volatile Cr(CO)g in the neck of the condenser.
During this time, the solution developed a deep red color. The
temperature was increased to methanol reflux, and immediately
an orange precipitate began to form. Following overnight reflux,
the product was isolated as an orange solid by filtration under
inert atmosphere, washing with a 50/50 THF /MeOH solution,
and vacuum drying. Recrystallization from hot CH;CN/THF
yielded 4.8 g (71%, based on Cr(CO)g) of 1. An analytical sample
was prepared by double recrystallization from CH,CN/THF: 'H
NMR (CD4CN) § 4.21 (s, 3 H, u3-OCHj,) 3.28 (q, 8 H, NCH,), 1.29
(t of t, 12 H, NCH,CH,); *C {!H} NMR (CD,CN) 4 238.0 (Cr~CO),
76.1 (u;-OCHg), 53.1 (NCH,), 7.8 (NCH,CH3); IR (»(CO), CH;,CN)
1863 (s), 1720 (vs) cm™L,

Anal. Calcd for C;,H,3,CrNO,: C, 47.94; H, 7.89. Found: C,
47.96; H, 8.06.

[MeN1[Cr (CO);5(us-OCHs,),] (2). The above procedure was
used for the synthesis of 2 with the following modifications and
observations. A 3-fold excess (31.4 g, 0.069 mol OH") of 20% (w/w)
Me,NOH in methanol to Cr(CO)g (5.0 g, 0.023 mol) was used. The
reaction mixture developed a deep red color with heating at 50
°C for 30 min, and following 1 h of heating at methanol reflux,
the orange-red precipitate so formed was isolated in the manner
described above. Recrystallization from hot CH,CN gave 2: yield
4.2 g, 76%, based on Cr(CO)¢; 'H NMR (CD,CN) 4 3.34 (s, 3 H,
uzOCHy), 3.24 (s, 12 H, NCHj); IR (»(CO), CH,CN) 1861 (s), 1750
(vs)i 1720 (vs), (»(CO), Fluorolube mull) 1865 (s), 1720 (vs, br)
cm™,

Anal. Caled for CgH;CrNO,: C, 39.83; H, 6.28. Found: C,
39.93; H, 6.17.

Synthesis of Cr(CO)(NH;); from 2, A sample of 2 (5.0 g,
5.25 mmol) was added to 100 mL of concentrated ammonium
hydroxide. The mixture was stirred under argon for 3 h, resulting
in a color change from a murky brown to yellow, with formation
of bright yellow crystals. The product was washed with 3 X 25
mL portions of concentrated NH,OH, and dried in vacuo: yield
3.6 g (91%); IR (»(CO), CH,CN) 1911 (s), 1778 (vs) ecm™}; mp 102
°C dec (lit.1? 100-105 °C).

Synthesis of Cr(CO);(CH;CN); from 2, A sample of 2 (5.0
g, 5.25 mmol) was dissolved in 50 mL of CH;CN under argon.
With stirring, concentrated hydrochloric acid (1.75 mL, 21.0 mmol)
was added dropwise into the solution, resulting in a color change
from red to bright yellow, with precipitation of Me,NC1. Con-
centration in vacuo to a solution volume of approximately 20 mL
caused complete precipitation of the salt. Filtration of the reaction
solution through a celite pad using standard airless ware tech-
niques, followed by a 3-mL washing of the pad with CH;CN and
evaporation of the solvent, under reduced pressure, gave Cr-
(CO);(CH4,CN)4: vield 5.2 g (96%); IR (»(CO), CH,CN) 1918 (s),
1792 (vs) em™%; »(CO) pattern identical with that of an authentic
sample.!!

Synthesis of [Et,N][Cr(CO);Br] from 1. A sample of 1 (1.8
g, 1.5 mmol) was added to 50 mL of THF in a 100-mL Schlenk
tube. The reaction slurry was saturated with carbon monozxide,
and, with stirring, allyl bromide (0.53 mL, 6.1 mmol) was added
dropwise with a syringe. The solution slowly developed a yellow

color over a 24-h period at room temperature. GC analysis of the.

solution phase showed allyl methyl ether, by comparison with an
authentic sample. The reaction mixture was filtered through a
medium-porosity frit. Removal of the volatiles under reduced
pressure gave [Et,N][Cr(CO)sBr]: yield 1.1g (81%); IR (»(CO),
THF) 2053 (w), 1909 (s), 1871 (m) cm™; lit.!2 »(CO) 2058 (w), 1906
(s), 1875 (m) cm™.

Reaction of Cr(CO); with Methanolic KOH. A mixture of
Cr(CO)¢ (2.25 g, 10.2 mmol), KOH (3.8 g, 67.7 mmol), and 60 mL

(10) Rausch, M. D.; Moser, G. A.; Zaiko, E. J.; Lipman, A. L., Jr. J.
Organometal. Chem. 1970, 23, 185,

(11) Tate, D. P.; Knipple, W. R.; Augl, J. M. Inorg. Chem. 1962, 1, 433.

(12) Abel, E. W.; Butler, I. S.; Reid, J. G. J. Chem. Soc. 1963, 2068.
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of MeOH was heated at steam-bath temperature for 3 h in a
stainless-steel Whitey bomb. Upon cooling, the reactor was vented.
Filtration of the product mixture under argon gave 1.8 g of orange
solid: IR (»(CO), Nujol mull) 1860 (s), 1695 (vs, br) cm™., The
solid was added to a solution of 1.5 g of Et,NBr in 30 mL of
CH;CN and the mixture was allowed to stir overnight. An IR
spectrum of the resulting orange-red solution was identical with
that of 1.

X-ray Structure Determination. Clear orange crystals
without well-defined faces were obtained by slow vapor diffusion
of THF into a solution of 1 in CH;CN. A number of these were
cemented with cyanomethacrylate cement in 0.3-mm diameter
glass capillaries and sealed under argon. All crystals were of poor
diffraction quality. One of these was mounted on a Supper No.
455 goniometer and centered optically on a Syntex P2, diffrac-
tometer. Most operations were carried out as described previ-
ously;!® other operations are described below. Details of the
structure analysis, in outline form, are presented in Table I. The
structure was solved by the heavy-atom technique utilizing the
Patterson function and successive difference Fourier syntheses.
Anisotropic thermal parameters for Cr, C, and O atoms in the
tetraanion, and isotropic thermal parameters for all non-hydrogen
atoms in the cation were used. Two symmetry-independent
tetraethylammonium ions are present in the unit cell, each with
crystallographic 2 (Cy) symmetry. The a-carbon atoms of the ethyl
groups of one of these cations are disordered. This disorder was
resolved and the two observed configurations were assigned oc-
cupancy factors of 0.5 based on electron density syntheses. One
of the disordered configurations is very similar to that found for
the ordered cations, while the other is quite different. This
disorder is quite similar to that observed in tetraethylammonium
chloride monohydrate.!* Tables containing (1) the isotropic
temperature factors and (2) bond lengths and angles for each
cation are available as supplementary material. Figures depicting
the structure of the ordered cation and each conformation of the
disordered cation are also available as supplementary material.

Results and Discussion

Preparation and Structure of [Cr,(CO);(us-
OCH,),]*. A mixture of Cr(CO); and Et,NOH in a 1:3
mole ratio in refluxing methanol gave an insoluble orange
compound. An acetonitrile solution of this complex
showed a two-band pattern in the infrared carbonyl region
(»(CO) 1863 (s), 1720 (vs) em™) suggestive of the presence
of a Cr(CO); fragment. A 'H NMR (acetonitrile-d;)
spectrum of the complex exhibited three resonances in-
tegrating in the ratio of 12:8:3; two of these peaks could
be assigned to the tetraethylammonium cation, and the
third to that of a methoxide group.

In order to characterize this species more fully, we in-
vestigated its chemical reactivity with a variety of reagents.
The results are shown in Figure 1. Briefly, Cr{(CQO)4(C-
H;CN); is formed in 96% yield when the complex is
treated with HCI in CH3CN. Reaction with concentrated
ammonium hydroxide yielded Cr(CO)3(NHj)s, quantita-
tively, and a carbon monoxide saturated slurry of the
compound in THF reacted with allyl bromide producing
Cr(CO);Br™ and allyl methyl ether. This complex and the
analogous Me,N* salt, which can be conveniently prepared
in good yield within a 2-h reaction period, are both soluble
in CH4;CN but insoluble in CH,Cl,, alcohols, and ethereal
solvents. On the basis of the above results, we tentatively
formulated the metal-containing species as [Cr(CO)s-
(OCHJ)1,™. Recently, a compound of the general formula
[Et,N],[Cr(CO)4(0OCHj,)],, was prepared from Cr(CO)g-
(PMTA) (PMTA = 1,1,4,7,7-pentamethyldiethylenetri-
amine) and methoxide ion.? A cubane-like (n = 4) struc-

(13) (a) Foxman, B. M. Inorg. Chem. 1978, 17, 1932. (b) Domaille, P.
J.; Foxman, B. M.; McNeese, T. J.; Wreford, S. S. J. Am. Chem. Soc.
1980, 102, 4114.

(14) Loehlin, J. H.; Kvick, A. Acta Crystallogr. Sect. B 1978, B34,
3488.
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Table I. Summary of the X-ray Diffraction Study of
[Et,N][ Cr,(CO),,(1,-OCH,), ]

(A) Crystal Data

cryst system: Z=8
orthorhombic

space group: cryst size: 0.34 X 0.34 x

Fddd (D3, no. 70) 0.63 mm
a=12.766 (4) A cryst shape: irregular
b=23.694(7)A fw=1189.4

¢ =38.601(12)A
V=11675.3 A3

d(caled)=1.35gcm™

d(obsd)*=1.33gem™?

u=83cm™!

cell constant determination: 12 pairs of *(hkl) and
refined 26, w, x

values in the range 23° < 126! < 25° (Amok, = 0.71073 &)

(B) Measurement of Intensity Data

Mo K, (graphite mono-
chromator)

+h,+k,+1(to 28 = 42°)

6-26, variable, 1.95-3.91
min~!

radiation

reflecns measd
scan type, speed

scan range symmetrical, 0.95° below the
Ky, peak and above the Ky,
peak

bkgd meas stationary for !/, of the scan

time at each of the scan limits
1583, 1017 with F > 3.92¢(F)
empirical, transmission factors
0.808-1.000
062;0, 2, 22; 715, measd after
each 50 reflens
after every 800 reflcns

no. of reflens measd
absorption correction

std reflens

automatic recentering

(C) Treatment of Intensity Data

data reduction intensities as before,b esds of
F, values caled by method of
finite differences®

statistical information? R = 0.031

(D) Refinement,® with 1017 Data for Which F > 3.920¢(F)

weighting of reflens as before,? p = 0.04
full-matrix least-squares
anisotropic temperature factors
for Cr, C, O atoms in tetra-
anion, isotropic temperature
factors for N, C atoms in
cations; R = 0.086; R, =
0.107
structure factor calcula-
tion, all 1583 data
R=0.132; Ry, = 0.113
std dev of an observation 1.969
of unit weight (SDU)
final difference fourier 5 peaks 0.50-0.70 e /A® near
tetraethylammonium cations,
8 peaks 0.40-0.50 e /A3
again near tetraethylammon-
ium cations; other features
random and < 0.37 e" /A3
no systematic dependence on
magnitude of 1F,l, (sin 8 )/A,
or indices

weighting scheme
analysis

¢ Flotation method in bromoform/hexane. b See ref 13.
€Seeref 25. ¢ Ry=L(IF,l)/Z1Fyl. ©R=ZlF,l— IFl/
ZIFol Ry = [Z(1Fol— |Fol)} /S wlFy1*1Y%;, SDU = [z w-
(1Fo! = 1F¢1)*/(m — n)], where m (= 1017) is the number
of observations and n (= 126) is the number of parameters.

ture with face-bridging alkoxide groups similar to that
proposed for [Mn(CO);(OCH,Ph)],** was favored on the
basis of spectroscopic data. It was noted, however, that
attempts to isolate species from reactions containing OH-

(15) Abel, E. W,; Farrow, G.; Towlen, I.D.H. J. Chem. Soc., Dalton
Trans. 1979, 71.
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Cr(CO),CH,CN), Cr(CO),(NH,),
HCI, conc
CH,.CN NH,OH

[Cr(G0)  u,~ OCHy, 1™

GyHeBr , CO

Cr (CO)Br * C,H,OCH,
Figure 1. Reactivity of [Cr(CO)15(u3-OCHy), )%,

Figure 2. Structure of [Cr (CO);9(u3-OCH,) ]+ with 222 (D)
symmetry. Thermal ellipsoids show 50% probability levels.

Figure 3. Structure of the Cr,O, core.

and Cr(CO);(PMTA) were unsuccessful.

Suitable crystals for an X-ray diffraction study of the
Et,N* salt were obtained from a CH;CN/THF solution.
The structure of [Cr(CO),5(us-OCH3) ]+ is shown in
Figure 2. The tetraanion has a cubane-like structure
consisting of four [Cr(CO)3(OCHg)]” monomers. The Cr,0,
core, shown in Figure 3, is a distorted cube in which the
chromium and methoxide oxygen atoms occupy alternate
corners. Each Cr(0) atom is six-coordinate, with three
coordination sites occupied by terminal CO ligands and
the other three sites by O atoms of the methoxide groups.
Each uz-oxygen atom is four-coordinate, approximately
tetrahedral, and bonded to three chromium atoms and a
methyl group. Selected bond distances and angles are
presented in Table II. Atomic coordinates for all non-
hydrogen atoms are listed in Table ITI. Anisotropic tem-
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Table II. Selected Bond Distances (A ) and
Angles (deg)¢ for [ Cr,(CO),,(x,-OCH,), 14"

Cr-Cr  3.362(3) Cr-O-Cr  102.78(28)
3.301 (3) 100.75 (27)
3.254 (3) 105.22 (28)
Cr-04 2.114(8) O-Cr-O 75.45 (25)
76.59 (25)
Cr-C1  1.778(14) 73.84 (25)
Cr-C2  1.766 (14)
Cr-C3 1776 (13) Cr-C1-01  170.4 (12)
Cr-C2-02 173.2(12)
C1-01 1.186(18) Cr-C3-03 175.4(11)
C2-02 1.183(18)
C3-03  1.200(16) Cr-04-C4 116.3(8)
116.6 (8)
C4-04  1.418(18) 113.3 (8)

2 Estimated standard deviations in the least significant
digits are given in parentheses in this and following tables.

Table III. Atomic Coordinates for
[Et,N],[Cr,(CO),,(u,-OCH, ), ]

atom x y F4

Cr 0.03316 (14) 0.07416 (7) 0.15423 (5)
01 —0.0099 (9) 0.0568 (5) 0.2286 (3)
d2 -0.1954 (9) 0.0579 (5) 0.1564 (3)
03 0.0293 (8) -0.0509 (4) 0.1606 (2)
04 0.0537 (5) 0.0875(3) 0.1006(2)
C1 0.0140 (10) 0.0670(5) 0.1996 (4)
C2 -0.1045 (11) 0.0669 (5) 0.1543 (3)
C3 0.0331 (9) -0.0006 (5) 0.1567 (3)
C4 -0.0068 (13) 0.0531 (7) 0.0782(5)
N1 0.1250 (0) 0.1250(0) 0.5046 (4)
N2 0.1250 (0) 0.1250(0) 0.3199 (4)
C5 0.117 (2) 0.0724 (9) 0.4820(6)
C6 0.015 (2) 0.0701 (10) 0.4613 (7)
Cc7 0.023 (2) 0.131 (2) 0.5221 (8)
(01} 0.042 (2) 0.1835(12) 0.5520(8)
C9 0.137 (4) 0.180 (2) 0.3446 (11)
C9A 0.205 (5) 0.133(3) 0.347 (2)
C10 0.235 (2) 0.1812(12) 0.3630(8)
Ci1 0.226 (4) 0.116 (2) 0.2999 (12)
Cll1A 0.130(6) 0.178 (2) 0.296 (2)
Cl2 0.229 (2) 0.0699 (11) 0.2756 (7)

perature factors for the anion Cr, C, and O atoms, isotropic
temperature factors for the cation N and C atoms, and
bond distances and angles for the Et,N* cation are pro-
vided as supplementary material.

A nonbonding Cr-Cr mean distance of 3.31 (6) A is
consistent with a closed-shell configuration for each
chromium atom. The average Cr-O-Cr and O—Cr-O bond
angles in the Cr,O, core are 102.86 (16) and 75.30 (14)°,
respectively. The obtuse Cr-O-Cr and acute O-Cr-O
angles, as well as the large metal separation reported here,
are very similar to those found in related cubane-like
structures of the alternating A,B, type.l A few of these
compounds (with their average core bond angles and av-
erage nonbonding M-M distances) are [Re,(CO)p(us-
OH),]V (Re-0-Re = 104.0 (5)°, O-Re-0 = 74.3 (1)°,
Re-Re = 3.480 (2) A), [Re4(CO)12(u3-SCH3)4]13 (Re—S—Re
= 101.8 (4)°, S-Re-S = 76.8 (3)°, Re-Re = 3.853 (3) &),
[Mo,(CO)4(NO),(u5-OH),1® (Mo—0-Mo = 103 (1)°, O-
Mo-0O = 76 (1)°, Mo-Mo = 3.429 (3) &), [W(CO)5(us-
OH) H," (W-0-W =104 (1)°, O-W-0 = 74 (1)°, W-W
= 3.479 (3) A). By contrast, a cubane-like Cr(III) cluster,
[(*-CsH;) LCry(u3-0),], has recently been characterized, but
here, short Cr—Cr distances ranging from 2.702 (6) to 2.900

(16) Faust, A. S.; Dahl, L. F. J. Am. Chem. Soc. 1970, 92, 7337.

(17) Nuber, B.; Oberdorfer, F.; Ziegler, M. L. Acta Crystallogr., Sect.
B 1981, B37, 2062.

(18) Harrison, W.; Marsh, W, C.; Trotter, J. J. Chem. Soc., Dalton
Trans. 1972, 1009.
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(6) A and bond angles in the Cr,0, core of 88.8 (1)-96.7
(2)° for Cr—0-Cr and 83.2 (2)-90.1 (1)° for O-Cr-0 were
found.’® The acute Cr-O-Cr angles are believed®® to
provide solid evidence for the presence of Cr-Cr single
bonds since an approximate tetrahedral angle would result
in a nonbonding distance, similar to that found in [Cr,-
(CO),5(uz-OCH;),J*.

The mean bond distances within the chromium coor-
dination sphere of the tetraanion are well-behaved. The
Cr-0,, distance of 2.114 (6) A is comparable to the
above-mentioned cubane-like complexes,®’'7 and a bond
length of 1.773 (8) A for Cr—Cgq is shorter than those
reported for other trisubstituted Cr(CO)q derivatives,®
consistent with the negative charge on the anion. An
average C—-O distance of 1.191 (10) A for the orthogonal
carbonyl ligands is in agreement with similar anionic M(0)
complexes, such as [W,(CO),,(u;-OH) H,] (C-O (average)
= 1.20 (5) A).” The low infrared carbonyl stretching fre-
quencies found for [Cr,(CO);.(us;-OCHj;),]* support recent
molecular orbital calculations that predict extensive -
donation to the terminal carbonyl groups for cubane-like
systems containing low-valent metals.?!

Chemistry of [Cr,(CO);5(u;-OCH;),J*. Owing to the
ease of its preparation, [Cr,(CO),5(u3-OCHy) ]+ is a useful
precursor for entry into the synthesis of other substituted
zerovalent chromium carbonyls. As depicted in Figure 1,
protonation of the tetraanion with HCl in CH;CN at room
temperature instantly forms Cr(CO);(CH;CN); in 96%
isolated yield. The original method!! for preparation of
Cr(CO);(CH;CN);, a complex whose important feature is
the facility by which the nitrile ligands can be replaced by
other substrates,? involves CO displacement from Cr(CO)g
in refluxing CH;CN. In that case, the yield is also essen-
tially quantitative; however, our experience indicates that
reaction periods are undesirably long. A further disad-
vantage of that method is that unreacted Cr(CO)q collects
in the reflux condenser due to its high volatility under the
reaction conditions.

Another useful derivative, Cr(CO);(NHj3)s, can be pre-
pared by direct addition of the tetraanion to concentrated
ammonium hydroxide. The two-step process shown in eq
1 and 2, via [Cr,(CO);5(u5-OCH;),]*, is a modification of

Me , NOH,MeOH
[Cr4(CO);a(uz-OCHy) 1+ (1)
NH,0H

Cr(CO),

[Cry(CO)2(us-OCH3), )+ Cr(CO)3(NH;); 2

a procedure reported earlier for the synthesis of Cr(C-
0)4(NH,);, where it was noted that an uncharacterized
orange-colored mixture was obtained under pressure re-
actor conditions by treatment ¢f Cr(CO), with a 7.5-fold
molar excess of 95% ethanolic KOH.° In a similar ex-
periment using MeOH as solvent, we isolated a highly
insoluble orange solid which exhibited an infrared pattern
(Nujol mull, »(CO) 1860 (s), 1695 (vs, br) cm™) very similar
to that of the tetraanion. The extreme insolubility of this
salt precluded further spectroscopic investigation, but
metathesis with Et,NBr in CHzCN gave a solution with
spectroscopic properties and a reactivity pattern identical
with that of [Cr,(CO),5(us-OCH;),]*. It seems reasonable
that these species formed in MeOH and 95% EtOH can
thus be formulated as K,[Cr,(CO);,(u5-OR),] (MeOH
solvent, R = Me; 95% EtOH solvent, R = Et). Two dif-

(19) Bottomley, F.; Paez, D. E.; White, P. S. J. Am. Chem. Soc. 1982,
104, 5651.

(20) (a) Cotton, F. A.; Richardson, D. C. Inorg. Chem. 1966, 5, 1851.
(b) Huttner, G.; Schelle, S. J. Cryst. Mol. Struct. 1971, 1, 69.

(21) Bottomley, F.; Grein, F. Inorg. Chem. 1982, 21, 4170.

(22) Storhoff, B. N.; Lewis, H. C., Jr. Coord. Chem. Rev. 1977, 23, 1.
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ferent types of bridging ligands, namely u;-OH and u;-
OC,Hj;, may well be present in the species formed in 95%
EtOH, however infrared mull samples do not indicate the
presence of a bridging hydroxide ligand.?®

A few mechanistic comments can be made regarding the
Synthesis of [Cr4(CO)12(u3-OCH3)4]4" from CT(CO)G. Little
effect on product yield was observed when the hydroxide
ion concentration was varied in the range 2.5-5.0 mol of
OH™ per mol of Cr(CO),. Infrared analysis of the reaction
solution revealed the presence of [(u-H)Cry(CO),]".%
Indeed, [Cr,(CO),5(u3-OCH,),]* can be directly prepared
from a methanolic alkaline solution containing only the
bridging hydride.

(23) For comparison, »(OH) appears as a sharp double band at 3550
em™ in {Re(CO)3(ks-OH)]: Heberhold, M.; Suss, G. Angew. Chem., Int.
Ed. Engl. 1975, 14, 700.

(24) Darensbourg, M. Y.; Deaton, J. C. Inorg. Chem. 1981, 20, 1644.

(25) Churchill, M. R.; Lashewycz, R. A,; Rotella, F. J. Inorg. Chem.
1977, 16, 265.

- Acknowledgment. This research was supported by a
grant from Research Corporation (T.J.M.). Acknowl-
edgement is also made to the donors of the Petroleum
Research Fund, administered by the American Chemical
Society, for support of this research (T.J.M.). M.B.C.
thanks the Mazer Fund of Brandeis University for support
of undergraduate research. Special thanks, for technical
assistance, to H. E. Bryndza of E. I. du Pont de Nemours
(13C NMR) and Joe Cousins of Johns Hopkins University
(80-MHz 'H NMR).

Registry No. 1, 81097-71-4; 2, 88729-66-2; Cr(CO)3(NHjy)s,
14974-11-9; Cr(CO)3(CH,CN),, 16800-46-7; [Et,N][Cr(CO);Br],
14780-93-9.

Supplementary Material Available: Tables of anisotropic
and isotropic temperature factors for all atoms, tables of bond
lengths and angles for the cations, figures of the ordered cation
and disordered cation in each conformation, and structure factor
tables (9 pages). Ordering information is given on any current
masthead page.

A Study of o and 7 Bonding in Iron Tetracarbonyl Complexes

David B. Beach, Steven P. Smit, and William L. Jolly*

Department of Chemistry, University of California, and Materials and Molecular Research Division, Lawrence
Berkeley Laboratory, Berkeley, California 94720

Received October 12, 1983

Core electron binding energies have been measured for a series of monosubstituted iron carbonyls of
the formula Fe(CO) L, where L = pyridine, trimethylphosphine, acrolein, methyl acrylate, dimethyl maleate,
1,1-dichloroethylene, and trans-1,2-dichloroethylene. The core binding energies have been used in conjunction
with available valence orbital ionization potentials to compare the bonding properties of the ligands L with
carbon monoxide. The method led to the following conclusions: (1) The Fe d,z_,, d,, orbitals of the axially
coordinated pyridine and trimethylphosphine complexes do not interact with the axial ligands, whereas

the Fe d,,, d,, orbitals in these complexes are destabilized by about 0.3 eV relative to Fe(CO); because
of the loss of the strongly back-bonding CO ligand. (2) The replacement of CO in the equatorial plane
with an olefin having electron-withdrawing substituents causes the Fe d,z_,2, d,, orbitals to be stabilized

by 0.2-0.4 eV relative to Fe(CO);, whereas the Fe d_,,
of their orthogonality to the olefin 7* orbitals. (3) T

d,, orbitals are destabilized by about 0.3 eV because
ﬁe olefin 7 orbitals are stabilized by about 0.6 eV

by coordination to the Fe(CO), fragment, indicating significant ¢ interaction.

Introduction

We have previously compared the ligand properties of
carbon monoxide and ethylene in a study of the photo-
electron spectra of Fe(CO),C,H, and Fe(CO);.! In that
study we used both gas-phase core binding energies from
X-ray photoelectron spectroscopy (XPS) and valence
ionization potentials from ultraviolet photoelectron spec-
troscopy (UPS). The XPS data were used to correct the
UPS data for changes in charge and relaxation energy so
that the nature and extent of the molecular orbital in-
teractions accompanying complex formation could be de-
termined unambiguously. We now wish to report the ex-
tension of this method to a series of iron tetracarbonyl
complexes.

The iron tetracarbonyl complexes which we have chosen
for this study are well characterized, and their ultraviolet
photoelectron spectra have been previously reported.?®

(1) Beach, D. B.; Jolly, W. L. Inorg. Chem. 1983, 22, 2137.

(2) Van Dam, H.; Oskam, A. J. Electron Spectrosc. Relat. Phenom.
1979, 17, 357.

(3) Flamini, A.; Semprini, E.; Stefani, F.; Cardaci, G.; Bellachioma, G.;
Andreocci, M. J. Chem. Soc., Dalton Trans. 1978, 695.

The Fe(CO)4L compounds fall into two basic classes: those
in which the ligand L is a strong ¢ donor, occupying an
axial position of the trigonal bipyramid, and those in which
L is an olefin, occupying an equatorial position with the
C=—C bond in the equatorial plane.

Results

The iron 2py/y, carbon 1s, and oxygen 1s binding energies
of the Fe(CO)ﬁ.. compounds determined in this study and
of Fe(CO); and Fe(CO),C,H,, determined previously,! are
presented in Table I. The assignment of the spectra is
discussed below.

L = Acrolein, Methyl Acrylate, Dimethyl Maleate.
The carbon 1s spectra of all three complexes contain a
broad peak at 293.5 eV and a well-resolved narrower peak
at 290.4 eV. The area ratios of the higher binding energy
peak to the lower binding energy peak are acrolein, 5:2;
methyl acrylate, 6:2; dimethyl maleate, 8:2. No appreciable

(4) Van Dam, H.; Oskam, A. J. Electron Spectrosc. Relat. Phenom.
1979, 16, 307.

(5) Hill, W. E.; Ward, C. H.; Webb, T. R.; Worley, S. D. Inorg. Chem.
1979, 18, 2029.

(6) Daamen, H.; Oskam, A. Inorg. Chim. Acta 1978, 26, 81.
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