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Synthesis, Crystal Structure, and Stability of 
Py ruvoylpentacarbonylmanganese( I) 
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Abstract: Sodium pentacarbonylmanganese reacts with pyruvoyl chloride to give pyruvoylpentacarbonylmanganese(I) (4a), 
which was characterized by spectral means and by x-ray crystallography. 4a reacts with 4-ethyl-2,6,7-trioxa-l-phosphabicy-
clo[2.2.2]octane, ETPO, in a first-order reaction to give CH3COCOMn(CO)4(ETPO) (4b). 4a undergoes decarbonylation 
at 75° to give a mixture of acetylpentacarbonylmanganese(I) (2a) and methylpentacarbonylmanganese(I). The rate of de
carbonylation of 4a is 21 times slower than that of 2a at 75°. Less than 0.3% 4a is in equilibrium with 2a at 85° and 110 atm 
of CO. Ligand substitution of 2a via CHjCOMn(CO)4 (1) is calculated to be over 77 500 faster than ligand substitution of 
2a via CH3COCOMn(CO)4 (3). 

Since their discovery in 1957, alkyl- and acylpentacar-
bonylmanganese(I) compounds have served as convenient 
models for the study of the carbonylation, decarbonylation, 
and ligand substitution reactions of metal carbonyl com
pounds.1 The carbonylation of CH3Mn(CO)5 to give 
CH3COMn(CO)5 has been extensively studied1'2 and 
shown to occur by a methyl-migration mechanism.2 Pre
sumably, the reaction of other nucleophiles with 
CH3Mn(CO)5 to give CH3COMn(CO)4L also proceeds by 
a methyl-migration mechanism. On the other hand, reac
tion of triphenylphosphine with CH3COMn(CO)5 , which 
follows first-order kinetics, has been proposed to occur by a 
dissociative mechanism (eq 1) involving the coordinatively 
unsaturated intermediate I.2 However, an acetyl migration 
mechanism (eq 2), analogous to the methyl-migration 
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mechanism and involving the unsaturated pyruvoyl species 
3, is also in agreement with previous data.1'2 The observa
tion that CH 3

1 3COMn(CO) 5 reacts with P(C6Hs)3 to give 
CH3

1 3COMn(CO)4P(C6H5) rules out a mechanism involv
ing slow decarbonylation to give CH 3Mn(CO) 5 which then 
rapidly reacts with ligand to give CH3COMn(CO)4L. The 
direct displacement of CO by the entering ligand is in
consistent with the observed first-order kinetics. 

Our interest in mechanism 2 has prompted a study of the 
synthesis and the kinetic and thermodynamic stability of 
pyruvoylpentacarbonylmanganese(I) (4a).3 Here we report 
that 4a undergoes decarbonylation 21 times more slowly 
than CH 3COMn(CO) 5 even though it is thermodynamical-
Iy >4.2 kcal less stable than CH3COMn(CO)5 . 

Results 

Pyruvoylpentacarbonylmanganese(I) (4a) was prepared 
in 33% yield from pyruvoyl chloride and NaMn(CO)5 in 
THF at 0° and purified by vacuum sublimation as a bright 
red solid. The structure of 4a was established by spectral 
means and confirmed by x-ray crystallography. The NMR 
spectrum in benzene-rf6 consists of a single sharp singlet at 
5 1.63. The infrared spectrum of 4a in heptane exhibits five 
bands in the metal carbonyl stretching region at 2119 w, 
2055 w, 2026 vs, 2010 s, and 1990 w c m - 1 and three bands 
in the acyl region at 1719, 1642, and 1600 cm_ 1 .4 a Laser 
Raman data (powder) show only three peaks for CO 
stretching at 2118, 2044, and 1996 cm - 1 (Table II) and the 
same acyl stretching bands observed by ir spectroscopy, 
1708, 1636, and 1597 cm - 1 . In addition, strong bands at 
573 and 400 c m - 1 were observed and assigned to Mn-CO 
bending and Mn-C stretching, respectively.41" The uv-visi-
ble spectrum of 4a contains three maxima at 218 (« 
31 200), 255 (shoulder, t 12 000), and 477 nm (« 62). The 
red color of 4a is apparently due to the pyruvoyl chromo-
phore since CH3COMn(CO)5 shows no long wavelength 
absorption but biacetyl. a yellow compound, has a Xmax at 
420 nm (e 19).5 Although the parent ion (M-+, m/e 266) 
was not observed, the usual fragmentation pattern for 
XMn(CO)5 compounds was noted.6 The major difference 
between the mass spectra of 4a and CH3COMn(CO)5

6 was 
the greater abundance of Mn(CO)6-X+ relative to 
CH3COMn(CO)5-X+ found in the spectrum of 4a. The lat
ter ions are very low in abundance in 4a (4%) whereas the 
Mn(CO) 6 -^ + ions are 10-36% of the base peak. The mass 
spectrum of CH 3COMn(CO) 5 contains both types of ions 
in similar abundance (10-40%).6 

The x-ray crystal structure of 4a is shown in Figure 1. 
Five carbonyls and the pyruvoyl moiety are octahedrally 
coordinated about the manganese atom. As in all previous 
structural studies on Mn(CO)5 units, the equatorial carbon
yl groups are seen to bend away slightly from the axial car
bonyl ligand.7 The C a , -Mn-C e q angles vary from 92.2 to 
93.5°, and the manganese atom is displaced at 0.094 A 
from the plane of the equatorial carbonyl carbon atoms. 
This is similar to the 0.13 A displacement found in cis-
CHF=CFMn(CO) 5 . 8 In addition, there is a notable lack of 
any difference between axial and equatorial bond lengths, 
with all CO groups having normal Mn-C and C-O dis
tances. 

In the pyruvoyl fragment, the acyl carbonyls are in an s-
trans conformation, as seen also in chloro(methoxalyl)bis-
(triphenylphosphine)palladium (L2ClPdCOCO2Me) (5).9 
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Table I. Ir Data 

Compound Absorptions (cm-1) 

2119 w, 2055 sh, w, 2026 vs, 2010 s, 1990 sh, w, 
1719w, 1642w, 1600w 

2120 w, 2058 sh, w, 2029 vs, 2012 s, 1700 vw, 
1620vw 

2118 m, 2058 w, 2028 s, 2022 s, 2010 s, 1682 w, 
1633 w, 1620 sh, w 

2090 m, 2018 sh, s, 2004 vs, 1989 sh, s, 1690 w, 1640 
w,1585 w 

2085 s, 2016 s, 1987 br, s, 1715 m, 1632 w, 1582 s, 
1030 s, 945 s, 810 s, 795 s, 775 m, 670 m, 635 s 

2090 s, 2020 s, 1990 br, s, 1712 sh, w, 1695 m, 1632 
w, 1585 s, 1035 s, 955 s, 805 s, 775 s, 685 s, 640 s, 
633 sh, s 

2 I n heptane, bEither red or yellow crystalline form in chloroform. 
cKBr pellet. 

Table II. Raman Data (powder) 

4aa 

la 

9" 

4b & 

4b (red)c 

4b (yellow)c 

Compound Absorptions (era"1) 

4a 2118 w, 2044 s, 1996 m, 1708 vw, 1636 w, 1597 w, 
573 s, 400 vs, 270 s, 190 s 

7 2121 m, 2055 s, 2005 s, 1996 sh, m, 1667 w, 1612 sh, 
w, 1595 s, 1000 s, 715 w, 689 w, 650 w, 615 w, 598 
s, 445 m, 399 vs, 330 vs, 290 vs 

4b (red) 2081 s, 2018 vs, 1998 m, 1975 vs, 1715 w, 1583 m, 
782 s, 648 s, 570 m, 460 s, 434 s, 419 s, 269 s 

4b (yellow) 2091 s, 2020 vs, 1985 vs, 1698 w, 1585 m, 780 m, 
648 s, 458 m, 418 vs, 307 s, 265 m 

The longer Mn-C distance (2.075 (4) A) expected for a 
cr-bond with little ir back-donation is similar to that found 
for CF3CF2COMn(CO)5 , 2.047 (12) A.10 The carbon-car
bon and carbon-oxygen distances within the pyruvoyl seg
ment are normal and the carbon-oxygen distances are in 
agreement with those found in 5.9 The pyruvoyl group is 
twisted slightly out of planarity: the angle between the 
planes of the acyl carbonyls is 10.4° (Table I I ) . 2 9 Non-
bonding repulsions between the pyruvoyl and Mn(CO)5 

groups are minimized by the staggered relationship between 
the pyruvoyl ligand and the equatorial carbonyl ligands: the 
angle between the [Mn, C(6), 0 (6) , C(7)] plane and the 
[Mn, C(I ) , C(3), C(4), C(6)] plane is 44.2°. 

4a reacted with a 50% excess of 4-ethyl-2,6,7-trioxa-l-
phosphabicyclo[2.2.2]octane, ETPO, in refluxing benzene 
for 1 h to give the substitution product, 4b. Column chro
matography gave 20% recovery of 4a18 and 32% yield of 4b 

O 
ETPO 6 

(based on recovered 4a). 4b crystallized as a mixture of red 
and yellow crystals which were separated manually. The 
red crystalline form is apparently less thermodynamically 
stable since these crystals turn yellow just before melting. A 
similar phenomenon was noted in the conversion of blue 6 
to red 6 prior to melting." Qualitatively the red crystals ap
pear to be less soluble than the yellow crystals. 

Spectral analysis of m-CH 3 COCOMn(CO) 4 (ETPO) 
(4b) proved interesting since both the red and yellow crys
tals obtained in the preparation of 4b gave the same solu
tion spectra. The NMR of either crystal form in CDCl3 ex
hibits a doublet ( 7 P . H = 4 Hz) at 8 4.29, a quartet (J = 1 
Hz) at 5 1.27, and a triplet (7 = 7 Hz) at 8 0.84 for the 
ETPO ligand. The methyl resonance of the pyruvoyl moiety 
was found as a singlet at 5 2.03. The solution ir spectrum of 
the red or yellow crystals showed bands at 2090, 2018, 

PtL, 

C{3) 0(3) 

Figure 1. ORTEP drawing of the molecular structure of MeCO-
COMn(CO)5, 4a, with thermal ellipsoids (50% probability). 

2004, and 1989 c m - 1 for the metal carbonyl stretching vi
brations consistent with a cis configuration.12 When the 
solid-state ir or Raman spectra were obtained differences 
were evident, however. The Raman spectra showed four 
metal carbonyl bands at 2081, 2018, 1998, and 1975 c m - 1 

for the red crystals and three bands at 2091, 2020, and 1985 
c m - 1 for the yellow ones. The acyl bands are found at 1715 
and 1583 c m - 1 for red 4b and at 1698 and 1585 cm"1 for 
the yellow form of 4b. In addition, bands at 570 and 434 
c m - 1 in the spectrum of the red crystals are absent in the 
spectrum of yellow 4b, which contains a peak at 307 c m - 1 

missing from the spectrum of red 4b. No maximum was ob
served in the uv-visible spectra at >250 nm in chloroform 
for either crystalline form. As expected, the mass spectra of 
both red and yellow 4b were very similar, the highest mass 
peak in both cases being M-+ - 43, m/e 358. In view of 
these results and similar behavior reported for 6, where 
x-ray data have indicated conformational isomers via twist
ing about the two carbonyl groups, it is reasonable to con
clude that the red and yellow forms of 4b are conformation
al isomers which can be interconverted in solution by rota
tion about the CO-CO bond of the pyruvoyl moiety. 

Phenylpyruvoylpentacarbonylmanganese(I) (7)13 was 

C6H1 

> = 0 C6H5COCOMn(CO)6 C6H5CHoCOCOMn(CO)5 

synthesized by a less direct route due to the instability of 
phenylpyruvoyl chloride. Benzylidene-l,3-dioxolan-2,4-di-
one (8), which has been used to prepare derivatives of phen-
ylpyruvic acid,14 was employed as a precursor of 7. Thus, 
reaction of equimolar amounts of 8 and NaMn(CO) 5 at 
25° gave, after column chromatography, a 23% yield of red 
solid identified as 7 by spectral data. 

The NMR spectrum of 7 in acetone-^ exhibited a broad 
singlet (8 7.23) and a sharp singlet (8 3.82). This compares 
with 8 7.23 and 4.24 for the related compound 
PhCH 2COMn(CO) 5 in the same solvent.15 The close simi
larity of the ir spectrum of 7 to that of 4a is striking in the 
metal carbonyl region. Four bands are seen at 2120, 2058 
(shoulder), 2029, and 2012 c m - 1 consistent with the 
Mn(CO)5 group. Two weak acyl bands at 1700 and 1620 
c m - 1 are also present. The electronic absorption spectrum 
shows maxima at 218 (<= 37 000), 255 (sh, t 12 000), and 
458 nm (e 116), very similar to that of 4a. 

Similarly, benzoylformylpentacarbonylmanganese(I) (9) 
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Table III. Rates of Decarbonylation of RCOMn(CO)5 in Benzene 

Compound Temp, 0C 105 k (sec-1) 

CH3COCOMn(CO)5,4a 88.0a>& 53.5 ± 3.3 
4a 84.5a^ 39.0 ±2.1 
4a 19.5a'b 21.2 ±1.1 
4a 73.0".* 10.9 ± 0.9 
4a 69.0°.* 7.05 ± 0.82 
4a 50.87c 0.376 ± 0.027 
PhCH2COCOMn(CO),, 7 72,5fl 9.31 ± 1.40 
CH3COMn(CO)5, 2aa 75.0e 283. 

a Temperatures were estimated from the NMR peak separations of 
ethylene glycol and are accurate to ±1.0. Temperature control was 
to ±0.2°. b AHt = 25.3 ± 2.0 kcal mol - ' at 75°. ^Temperature mea
sured with a high precision thermometer in constant temperature 
bath and is accurate to ±0.02°. dRate determined by NMR analysis 
of aliquots taken from an open system periodically flushed with 
nitrogen. e Temperatures were measured in an oil bath with a high 
precision thermometer and are accurate to ±0.2°. 

was prepared from a solution of benzoylformyl chloride and 
NaMn(CO)5 in THF at 0°. Recrystallization of the crude 
reaction product gave a 92% yield of 9 as orange plates. 

The NMR spectrum of 9 displayed two multiplets in the 
aromatic region (8 7.96, 2 H, and 7.68, 3 H). Both the ir 
and Raman spectra are consistent with the proposed struc
ture; in heptane solution five bands were seen in the metal 
carbonyl region at 2118, 2058, 2028, 2022, and 2010 cm"1 

as well as three bands in the acyl stretching region at 1682, 
1633, and 1620 cm_ 1 .4 a The Raman spectrum (powder) has 
strong bands at 598 and 399 c m - 1 which supports our as
signment of similar bands in the spectrum of 4a as M n - C -
O bending and Mn-C stretching, respectively. The uv-visi-
ble spectrum of 9 (heptane) had a long wavelength band at 
438 nm (e 273), responsible for the orange-red color of its 
solutions, and additional maxima at 208 (« 38 300) and 253 
n m ( ( 19 100). 

Kinetic Studies. The thermal decomposition of CH3CO-
COMn(CO)5 , 4a, in benzene was studied by NMR. The re
action was followed by measuring the disappearance of the 
singlet at 5 1.63 using p-di-rerr-butylbenzene as an internal 
standard. When the decomposition was carried out in a 
sealed tube, the products of the reaction were an equilibri
um mixture of CH3COMn(CO)5 , 2a (singlet at 5 2.18), and 
CH 3 Mn(CO) 5 (singlet at 5 -0 .26) . At the end'of the reac
tion, the CO pressure in the tube was calculated to be ~ 2 
atm. The inhibition of the rate of decomposition of 4a by 
CO in this pressure range must be very small since no de
viation from first-order kinetics was observable when the 
reaction was carried to 87% completion. However, there 
may be some slight CO inhibition since, at 110 atm of CO, 
the rate of decarbonylation of 4a was retarded (vide infra). 
At 75°, the rate of decomposition of 4a is 21 times slower 
than the rate of decarbonylation of 2a in benzene (Table 
III). The thermal decarbonylation of PhCH2COC-
OMn(CO)5 , 7, proceeded at approximately the same rate 
as 4a. The phenyl group is apparently too far removed to af
fect the rate. 

The rate of decarbonylation of 4a was compared with the 
rate of substitution by ETPO. The ETPO substitution reac
tion was followed by observing the disappearance of the 
high frequency band (2119 cm - 1 ) in the metal carbonyl re
gion of 4a. The rate of reaction of 4a with ETPO at 50.87° 
to give 4b is 1.2 times faster than the rate of decarbonyla
tion of 4a at the same temperature (Table IV). It is not 
clear whether this rate difference is within experimental 
error or due to slight CO inhibition of the rate of decarbon
ylation of 4a. The rate of substitution is independent of Ii
gand concentration. At 50.8°, the rate of ETPO substitu-

Table IV. Rates of Substitution Reactions with ETPO at 50.87° 
±0.02 

Compound Concn [ETPO] 106£(sec"') 

CH3COCOMn(CO)5,4a 0.059 0.104 4.64 ± 0.27 
4a 0.061 0.232 4.58 ±0.23 
CH3COMn(CO)5,2a 0.061 0.101 492. ± 30 

tion of MeCOMn(CO)5 , 2a, was found to be about 100 
times faster than the rate of substitution of 4a. 

0 OO 

Il I I I 
CH1CMn(CO)6 + CO *=t CH3CCMn(CO)5 (3) 

Several attempts were made to measure the amount of 4a 
in equilibrium with 2a at high CO pressure. No detectable 
amount of 4a was observed when a solution of 2a was heat
ed to 80° for 9 h under 258 atm of CO. This could be due 
either to an unfavorable equilibrium or to a kinetically slow 
approach to equilibrium. Attempts were also made to 
achieve equilibrium beginning with 4a. The rate of decar
bonylation of 4a to give 2a was found to be somewhat slow
er at high CO pressure than in the absence of external CO 
pressure. A benzene solution of 4a was heated to 85° for 8 h 
under 110 atm of CO; analysis of the reaction mixture by 
270-MHz 1H NMR operating in the Fourier transform 
mode indicated that the reaction mixture contained 2.6% 4a 
in addition to 2a. From kinetic studies carried out in the ab
sence of added CO pressure, <0.002% 4a would have been 
expected. Thus, a high pressure of CO inhibited the decar
bonylation of 4a. In a similar experiment, a benzene solu
tion of 4a was heated to 85° for 30 h under 110 atm of CO. 
On the basis of the 8-h experiment less than 0.00004% 4a 
would have been expected. However, Fourier transform 
270-MHz NMR indicated a singlet at 8 1.63 possibly due to 
4a which was 0.3% as intense as the singlet due to 2a. Al
though there is no other evidence to confirm the tentative 
NMR assignment, the maximum amount of 4a in equilibri
um with 2a at 110 atm is 0.3%. The concentration of CO in 
benzene at 85° under 110 atm of CO pressure is estimated 
to be about 1.2 M.16 '17 Using this value for [CO], the K^ at 
85° for reaction 3 is calculated to be <2.5 X 1O-3 M - 1 and 
the AG at 85° for reaction 3 is calculated to be >4.2 kcal 
mo l - ' . Therefore 4a is thermodynamically less stable but 
kinetically more stable than 2a. 

Discussion 

Our studies of CH 3 COCOMn(CO)] 5 were initiated to 
explore the possibility that Iigand substitution reactions of 
acetylmanganese compounds might proceed via acetyl mi
gration to give pyruvoylmanganese compounds as unstable 
intermediates. Our discovery that 4a possesses high kinetic 
stability precludes the intermediacy of such compounds as 
intermediates in the substitution reactions of acyl manga
nese compounds. The rate of decarbonylation of 4a at 75° 
was found to be 21 times slower than that of 
CH3COMn(CO)5 . 

Two mechanisms for the decarbonylation of 4a were con
sidered: first, concurrent loss of CO and acyl migration 
might produce CH 3COMn(CO) 5 directly (route A); alter
natively, loss of CO might produce a coordinatively unsatu
rated intermediate which could subsequently undergo ace
tyl migration (route B). In an attempt to trap the coordina
tively unsaturated intermediate 3, the reaction of 4a in the 
presence of ETPO was studied. The formation of an ETPO 
substitution product is consistent with the intervention of a 
coordinatively unsaturated intermediate. The rate of ETPO 
substitution of 4a was only 1.2 times faster than the rate of 
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OO 

CH3CCMn(CO)5
 r°" t e A» CH3COMn(CO)5 + CO 

.X OO 

CO + CH3CCMn(CO)4 

3 

decarbonylation and did not depend on the concentration of 
the incoming ligand (Table IV). This small rate difference 
may be due either to experimental error or to a slight CO 
inhibition. Therefore the decarbonylation and substitution 
reactions of 4a both involve loss of a CO ligand as the slow 
step. Similar results were reported for the reaction of MeC-
OMn(CO)5 with several nucleophiles in bis(2-ethoxyethyl) 
ether at 30.5°.18 

Examination of route B indicates that inhibition by CO 
might be observable. Since no curvature was observed in 
rate plots of the decarbonylation of 4a in sealed tubes in 
which the CO pressure rose to 2 atm during the reaction, 
the CO inhibition cannot be large. The fact that decarbony
lation of 4a in sealed tubes was 1.2 times slower than ETPO 
substitution may be due to slight CO inhibition of decar
bonylation. At 110 atm of CO, a retardation in the rate of 
decarbonylation was observed. 

Attempts to equilibrate 4a and 2a led to the predominant 
conversion of 4a to 2a even under 110 atm of CO. A limit 
on the maximum amount of 4a in equilibrium with 2a under 
110 atm of CO was put at 0.3%. This corresponds to A ^ < 
2.5 X 1 0 - 4 and AC > 4.2 kcal mol - 1 for eq 3. Interestingly, 
while 4a is kinetically 21 times more stable than 2a, it is 
thermodynamically 400 times less stable than 2a. 

Initially we were interested in determining the relative 
importance of reactions 1 and 2 in the substitution reactions 
of CH 3COMn(CO) 5 , 2a. Since we now know that the li
gand substitution reactions of 4a proceed by intermediate 3 
and since we can place limits on the equilibrium constant 
between 2a and 4a, we can now construct a free energy di
agram showing the relative free energies of CH 3Mn(CO) 5 , 
CH3COMn(CO)5 , CH 3COCOMn(CO) 5 , and the free 
energies of activation for the interconversion of these com
pounds via CH 3COMn(CO) 4 , 1, and CH 3COCOMn(CO) 4 , 
3 (Figure 2). The rate of ETPO substitution of 2a and 4a at 
50.87° was used to determine AGJ for formation of inter
mediates 1 and 3, respectively. The AG between 4a and 2a 
was found to be >4.2 kcal mol - 1 at 85° in this study; at 
50°, the free energy differences would be expected to be 
somewhat greater since AS should be positive for a reaction 
bringing two molecules together. For the related reaction of 
CH 3Mn(CO) 5 with CO to give CH 3COMn(CO) 5 , AS = 
+30. The free energy difference between CH 3 COMn(CO) 5 

and CH 3Mn(CO) 5 at 50° was calculated to be 2.9 kcal 
from the data in /3,/3'-diethoxyethyl ether of Calderazzo and 
Cotton.19 

Inspection of Figure 2 allows the estimation that the free 
energy of activation for the formation of CH3COC-
OMn(CO)4 , 3, from 2a is >7.2 kcal mol - 1 higher than the 
free energy of activation for the formation of 
CH3COMn(CO)4 , 1, from 2a. This corresponds to a rate 
preference for the formation of 1 from 2a of over 77 500. 
Not only is the formation of 1 from 2a the major pathway 
for substitution reactions of 2a but the alternate route via 
acyl migration to 3 is of substantially higher energy. Acyl 
migration should be considered a highly unlikely route in 
the substitution reactions of acylmetal compounds. 

Experimental Section 

Genera!. Infrared spectra were recorded on a Dilgilab FTS-20 
Fourier transform interferometer, a Beckman IR-8 spectropho-

Figure 2. Free energy diagram showing the relative free energies of 
CH3Mn(CO)5, CH3COMn(CO)5, and CH3COCOMn(CO)5 and the 
AG* for the interconversion of these compounds via MeCOMn(CO)4 
and MeCOCOMn(CO)4 at 50.8°. 

tometer, and a Perkin-Elmer 267 spectrophotometer. The laser 
Raman spectra were recorded on a Spex Ramalog spectrometer. 
Ultraviolet-visible (uv-visible) spectra were recorded either on a 
Cary 15 spectrophotometer or on a Beckman DK-2A spectropho
tometer. NMR spectra were recorded on Varian A60A (60 MHz), 
Jeol MHlOO (100 MHz), Varian XL-IOO (100 MHz), or Brucker 
WH-270 (270 MHz) spectrometers. Mass spectra were run on an 
AEI-MS902 spectrometer at 70 eV except for gc-mass spectra 
which were recorded on a Varian CH-7 mass spectrometer. Melt
ing points are uncorrected. Elemental analyses were obtained from 
Galbraith Laboratories, Inc., Knoxville, Tenn. 

Solvents were purified by distillation under nitrogen from the 
usual drying agents. Reactions were carried out under a nitrogen 
atmosphere. 

Pyruvoyl Chloride. Following the method of Carre and Jullien,20 

35 ml (432 mmol) of pyridine in 50 ml of ether was added drop-
wise to a cooled (0°) solution of 85% pyruvic acid (43.7 g, 432 
mmol) and thionyl chloride (39.2 ml, 540 mmol) in 80 ml of ether. 
Large amounts of solid formed and a mechanical stirrer was neces
sary to maintain adequate stirring. After filtering the mixture, sol
vent was removed by distillation at —25° (1 mm) and product was 
distilled at 25° (1 mm) into a trap at —78° giving a mixture of 
64% CH3COCOCl (6.4 g, 60 mmol), 24% SOCl2, and 22% ether 
by weight which was used without further purification. The 
amounts were determined by NMR using a sample containing a 
specified weight of chloroform. 

PyruvoylpentacarbonylmanganeseKl), 4a. NaMn(CO)5 (95 ml, 
0.62 M, 59 mmol) in THF was added to the mixture of pyruvoyl 
chloride prepared above at 0°. The dark red solution was stirred 
for 15 min and the solvent removed on a rotary evaporator. Bright 
red crystals (5.27 g, 19.8 mmol, 33%) were collected by sublima
tion at 25° (0.2 mm). Recrystallization from ether-pentane at 
-78° gave red crystals of 4a: mp 76-77°; mass spectrum: m/e (in
tensity), no M-+, 238(0.2), 223(12.8), 210(1.1), 195(16.5), 
182(2.1), 167(13.2), 154(1.0), 139(24.0), 126(3.6), 111(29.4), 
98(21.8), 83(36.0), 70(11.0), 55(100), and 43(31.0). 

Anal. Calcd for C8H3MnO7: C, 36.09; H, 1.13; Mn, 20.68. 
Found: C, 36.38; H, 1.38; Mn, 20.3. 

Preparation of CH3COCOIvIn(CO)5(ETPO), 4b. A solution of 4a 
(332 mg, 12.5 mmol) and ETPO (307 mg, 1.89 mmol) in 10 ml of 
benzene was refluxed 1 h. Column chromatography (silica gel-
chloroform) gave an initial red band consisting of 4a (66 mg) fol
lowed by an orange band containing 4b (127 mg, 0.32 mmol, 32% 
based on recovered 4a) which was obtained as a mixture of yellow 
and red crystals upon evaporation of solvent. The crystals were 
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separated by physical means; however, spectral properties of the 
solutions of either the yellow or red crystals were the same: uv 
(CHCl3) no maximum >250 nm, 375 (e 114) nm; N M R (CDCl3) 
S 4.29 (6 H, d, 7 P H = 4 Hz), 2.03 (3 H, s), 1.27 (2 H, q, J = 7 
Hz), and 0.84 (3 H, t, J = 7 Hz); (acetone-d6) 5 4.43 (6 H, d, JPH 

= 4.5 Hz), 1.94 (3 H, s), 1.38 (2 H, q, J = 7 Hz), and 0.86 (3 H, t, 
J = I Hz). Mass spectral analysis of the red and yellow crystals of 
4b gave the following respective m/e: no M-+, 358 (2.3), 357 
(18.9), 344 (7.1), 330 (3.6), 329 (13.9), 316 (0.2), 301 (2.3), 288 
(4.1), 274 (3.2), 273 (33.3), 260 (15.0), 245 (17.1), 233 (4.6), 232 
(57.4), 218 (14.6), 217 (100), 202 (2.9), 187 (2.2), 162 (5.2), 149 
(3.6), 132 (10.4), 118 (23.3) and no M-+, 357 (13.8), 344 (4.4), 
329 (8.7), 316 (1.0), 301 (2.2), 288 (4.1), 274 (2.4), 273 (24.8), 
260 (12.4), 245 (14.5), 233 (4.3), 232 (51.6), 218 (8.7), 217 (100), 
202 (4.4), 187 (3.3), 174 (3.8), 162 (4.5), 149 (6.6), 132 (12.6), 
118(61.8). 

In contrast to their solution behavior, the yellow and red crystals 
exhibit different solid-state properties (See Tables I and II for ir 
and Raman data). 

Yellow crystals of 4b: mp 84-85°. 
Red crystals of 4b: mp 82-83°. (The red crystals appear to turn 

yellow at approximately 80°.) 
Anal. Calcd for Ci 3 Hi 4 MnO 9 P (red crystals): C, 39.02, H, 3.53; 

Mn, 13.73; P, 7.74. Found: C, 38.98; H, 3.67; Mn, 13.69; P, 7.74. 
Preparation of C K - C H 3 C O M I I ( C O ) 4 E T P O . Following a proce

dure similar to that of Green,21 CH 3Mn(CO) 5 (388 mg, 1.8 mmol) 
and ETPO (290 mg, 1.8 mmol) were stirred in 15 ml of THF at 
25° for 3 hr. Most of the solvent was evaporated and 10 ml of pen-
tane was added. Upon cooling to 0° a white solid precipitated. 
Concentration gave additional CW-CH3COMn(CO)4ETPO (467 
mg, 70%); mp 154-157° (dec), lit.21 155-156°. 

Preparation of Phenylpyruvoylpentacarbonylmanganese(I) (7). 8 
(4.7 g, 24.8 mmol) in ether and an equimolar amount of 
NaMn(CO) 5 in THF were stirred together at 25° for 30 min and 
then quenched with water. Column chromatography (20:80 ether-
benzene) gave a red solid, which was further purified by recrystal-
lization from ether at - 7 8 ° to give 7 (1.3 g, 15%): mp 62.5-63.5°. 

Benzoylformyl Chloride. Benzoylformyl chloride (2.95 g, 17.5 
mmol, 67%) was prepared from 3.9 g (26 mmol) of benzoylformic 
acid, and 9.9 g (78 mmol) of oxalyl chloride according to the pro
cedure of Kharasch and Brown.22 The product was collected by 
distillation, bp 49-51° (1 mm). 

Benzoylformvlpentacarbonylmanganesed) (9). NaMn(CO) 5 (12 
ml, 1.1 M, 13.2 mmol) in THF was added to a stirred solution of 
2.95 g (17.5 mmol) of benzoylformyl chloride and 10 ml of THF at 
0°. The bright red solution was stirred at 0° for 30 min and 10 ml 
of water was added. The layers were separated, and the water layer 
was extracted with 10 ml of pentane. Evaporation of solvent from 
the dried organic layer gave a red-orange oil which solidified upon 
cooling. Recrystallization of 4.6 g of this crude material from 
ether-heptane gave 4.0 g (12.2 mmol, 92%) of orange flakes of 9: 
mp 61.5-62.5°. 

Anal. Calcd for C 3 H 5 M n O 7 : C, 47.56; H, 1.52. Found: C, 
48.16; H, 1.61. 

Measurement of the Rate of Decarbonylation of CH3COC-
OMn(CO)5, 4a, and PhCH2COCOMn(CO)5, 7. Samples for NMR 
rate studies consisted of 40-50 mg of 4a or 7, 5-6 mg of p-d\-tert-
butylbenzene, and 0.3-0.5 ml of benzene. The samples were de
gassed and sealed under vacuum. A Varian A-60A variable tem
perature N M R spectrometer was employed in the rate studies. The 
probe temperature was measured before and after each experiment 
by the chemical shift difference of the ethylene glycol resonances. 
The reactions were monitored by integration over the methyl ab
sorption of 4a at 5 1.63 and internal standard (5 1.21). Each point 
was determined from the average of at least three separate integra
tions. 

The decarbonylation of 7 was followed by integration over the 
methylene resonance (5 3.55) and the standard peak (& 1.21). The 
products were PhCH2COMn(CO)5 (6 3.86) and PhCH2Mn(CO)5 

(<5 2.33). Results are shown in Table III. 
An additional experiment was carried out with 4a as above ex

cept the sealed NMR tube containing the sample was warmed in a 
constant temperature bath (50.87 ± 0.02°). The tube was removed 
periodically and immediately cooled in dry ice-acetone. The spec
tra were recorded at ambient temperature (35°) on a Joel MH100 
instrument. The disappearance of 4a was followed by the average 

ratio (4a/std) of these three separately recorded ratios. 
Rate of the Decarbonylation of CH3COMn(CO)5. To avoid CO 

inhibition an open system under nitrogen was used along with a 
rapidly stirred oil bath. Temperatures measured with a high preci
sion thermometer were constant to ±0.2° during the runs. Aliquots 
were taken from a solution OfCH3COMn(CO)5 andp-di-f<?«-but-
ylbenzene in degassed benzene and were frozen immediately in 
NMR tubes. The disappearance of CH 3COMn(CO) 5 was moni
tored by integrating (at least three times) over the methyl signal 
and the tert-buty\ singlet of the standard. Each run consisted of 
six-ten points. 

Rate of Substitution of CH3COCOMn(CO)5, 4a, and 
CH3COMn(CO)5 with ETPO. Samples were prepared in degassed 
benzene and sealed in vacuo. The samples were immersed in a con
stant temperature bath at 50.87 ± 0.02°. The reactions were 
quenched at —78° and stored at —25° until ir analysis could be ob
tained. A Perkin-Elmer 267 grating spectrophotometer was used 
with the frequency scale expanded five times. The disappearance 
of the 2119 and 2117 cm - 1 bands were followed for 4a and 
CH3COMn(CO)5 , respectively. Rates (Table IV) are based on a 
single run of six points with each point being determined by the av
erage of at least three scans. The reactions were first order to 
>65% completion for 4a and >80% completion for 
CH3COMn(CO)5 . A linear dependence on Beer's law was found in 
the concentration range used. Examination of the ir spectrum of 
the samples indicated only one product was formed in each case; 
however, TLC analysis indicated a very small amount of bissubst-
itution product in both cases. 

Decarbonylation of 4a under 110 Atm of CO. CH3COC-
OMn(CO)5 , 4a (114 mg, 0.428 mmol), in benzene (3 ml) was 
heated (85°) under 110 atm of CO for 8 h. A 100-MHz NMR of 
the filtered solution after addition of p-di-feri-butylbenzene (8.0 
mg, 0.042 mmol) indicated the following materials present: 
CH 3COMn(CO) 5 (0.285 mmol, 64%), CH 3 COCOMn(CO) 5 

(0.011 mmol, 2.6%), CH 3 Mn(CO) 5 (0.021 mmol, 4.9%), 
CH 3COMn(CO) 5 /4a = 27/1 = 96.4/3.6. 

Another experiment was carried out with 4a (31 mg, 0.12 
mmol) and benzene-</6 (0.9 ml) at 85° and 110 atm of CO for 30 
h. None of 4a could be detected by conventional 100-MHz NMR 
as the sample was contaminated with oil. Since 4a and 
CH 3COMn(CO) 5 have the same R{ on silica gel eluted with 5:95 
ether-hexane, both would be collected from the same TLC band. 
Preparative TLC afforded 14.4 mg (0.06 mmol, 50%) of 
CH 3COMn(CO) 5 which was examined by 270-MHz Fourier 
transform NMR. A signal corresponding to the expected location 
for 4a was detected and found to be 0.3% of the intensity (by peak 
height) OfCH3COMn(CO)5 . 

X-Ray Crystal Structure of 4a. Data Collection and Reduction. 
Red crystals of 4a were obtained by sublimation at room tempera
ture and 20 mm. The needle-like crystal of trapezoidal cross-sec
tion with dimensions (each defined by the perpendicular^ distance 
from a common origin within the crystal) 0.112 (001), 0.112 
(001), 0.255 (IOT), 0.065 (TlO), 0.255 (Oil) , and 0.065 mm ( i l l ) 
was wedged in a glass capillary, sealed in air, and placed on a Syn-
tex Pl computer controlled diffractometer equipped with a graph
ite monochromated Mo Ka radiation source. The preliminary Syn-
tex routines23 indicated a primitive monoclinic cell with dimen
sions a = 6.320 (3) A, b = 6.340 (3) A, c = 29.971 (13) A, y = 
119.48 (3)°, and V = 1045.3 (8) A3. The 2/m ( C 2 J Laue symme
try was verified by partial rotation photographs along two of the 
reciprocal axes. The experimental density of 1.66 g cm - 3 , deter
mined by flotation in aqueous ZnCl2, agrees with 1.68 c m - 3 , cal
culated on the basis of Z = 4. 

A total of 1806 diffraction maxima were collected from 3° < 26 
< 40° through four octants (±/i, ±k, I) by the variable 26-u scan 
speed technique. The mean deviation of the intensities of the two 
standard peaks, monitored after every 50 reflections, was 3% and 
appeared random. The intensities were reduced and merged in the 
usual fashion24 to yield 775 independent reflections for which / > 
2<T(/).2 5 Later, the data were corrected for crystal absorption ef
fects. With the linear absorption coefficient, v = 13.42 cm - 1 , the 
transmission factors varied from 0.72 to 0.81. The observed sys
tematic absences for hkO (h + k - 2n + 1) and 001 (/ = 2« + 1) 
uniquely define the space group as P2\/n (nonstandard setting of 
P2i/b,no. 14C 5

2 , ) . 2 6 

Solution and Refinement. The structure was determined using 
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the standard heavy atom method.27 The observed molecular struc
ture and crystallographic packing neatly explain the observed 
near-hexagonal lattice parameters. Full-matrix isotropic least-
squares refinement converged at i?i = 6.0% and Rj = 8.8%.28 At 
this stage, a difference Fourier map revealed coordinates for the 
methyl hydrogen atoms. These were included as fixed-atom contri
butions (/3 = 7.0 A2) in the final anisotropic refinement series to 
yield R] = 2.7% and Rj = 3.6%. No attempt was made to refine 
the hydrogen atom coordinates or thermal factors due to the low 
data/parameter ratio of 5.8:1. In the last cycle, the maximum shift 
in any atom parameter was 0.03 a. The final error-of-fit was 1.08. 
An examination of the structure factor amplitudes shows no evi
dence of extinction effects. 

The final atomic coordinates and thermal parameters and their 
associated standard deviations are given in Tables 5 and 6. Bond 
distances and angles and selected intermolecular distances are list
ed in Tables 7, 8, and 9, respectively. Some selected intramolecular 
nonbonding distances are listed in Table 10 and some least-squares 
planes in Table 11. Table 12 contains the observed and calculated 
structure factor amplitudes.29 
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