
Notes 
tadiene and trimethylenemethane are similar. 

However, the fact that the weighted average of the C 1s 
binding energies of the trimethylenemethane ligand is actually 
slightly less than the C 1s binding energy of the butadiene 
ligand suggests slightly greater back-bonding to trimethy- 
lenemethane than to butadiene. This interpretation is con- 
sistent with the fact that the Fe 2p3/2, carbonyl C Is, and 0 
1s binding energies are higher (by 0.30, 0.14, and 0.07 eV, 
respectively) in the trimethylenemethane complex than in the 
butadiene complex. Indeed, even infrared C-0 stretching 
frequencies indicate more back-bonding to the trimethylene- 
emethane ligand than to the butadiene ligand.22 

Acknowledgment. This work was supported by the National 
Science Foundation (Grant CHE73-05133 A02) and the US.  
Energy Research and Development Administration. We wish 
to thank M r .  Tom Webb for preparation of butadieneiron 
tricarbonyl. 

Registry No. (CH2)3CFe(C0)3, 12078-33-0; (C4H6)Fe(CO),, 
12078-32-9. 

References and Notes 
(a) University of California and Lawrence Berkeley Laboratory. (b) 
University of Western Ontario. (c) Institute of Physics, Uppsala. 
For early discussions, see the citations in ref 3. 
(a) P. Dowd, J .  Am.  Chem. SOC., 88, 2587 (1966); (b) R. J. Crawford 
and D. M. Cameron, ibid., 88, 2589 (1966). 
D. R. Yarkony and H. F. Schaefer, J .  Am. Chem. SOC., 96,3754 (1974). 
K. Ehrlich and G. F. Emerson, J .  Am.  Chem. SOC., 94, 2464 (1972). 
J.-M. Savariault and J.-F. Labarre, Inorg. Chim. Acta, 19, L53 (1976). 
F. Weiss, Q. Rev. Chem. Soc., 24, 278 (1970). 
R. B. King, "Organometallic Syntheses", Vol. 1, Academic Press, New 
York, N.Y., 1965, pp 128-129. 
B. F. Hallam and P. F. Pauson, J .  Chem. SOC., 642 (1958). 
U. Gelius, E. Basilier, S. Svensson, T. Bergmark, and K. Siegbahn, J .  
Electron Spectrosc. Relat. Phenom., 2, 405 (1973). 
S. R.  Smith and T. D. Thomas, J .  Electron Spectrosc. Relat. Phenom., 
8, 45 (1976). 
W. B. Perry and W. L. Jolly, unpublished work. 
T. D. Thomas and R. W. Shaw, J .  Electron Spectrosc. Relat. Phenom., 
5 ,  1081 (1974). 
W. Perry and W. L. Jolly, Inorg. Chem., 13, 121 1 (1974). The value 
used differs from the published value because of the use of the value 
248.62 eV for the Ar 2p3 
J. M. Hollander, M. D. doltz, T. Novakov, and R. L. Graham, Ark. 
Fys., 28, 375 (1965). 
G. Johansson, J. Hedman, A. Berndtsson, M. Klasson, and R. Nilsson, 
J .  Electron Spectrosc. Relat. Phenom., 2 ,  295 (1973). 
J. A. Connor, L. M. R. Derrick, M. B. Hall, I. H. Hillier, M. F. Guest, 
B. R. Higginson, and D. R. Lloyd, Mol. Phys., 28, 1193 (1974). 
W. L. Jolly and T. F. Schaaf, J .  Am.  Chem. SOC., 98, 3178 (1976). 
W. L. Jolly, S. C. Avanzino, and R. R. Rietz, Inorg. Chem., 16, 964 
(1977). 
M. J. S. Dewar and S. D. Worley, J .  Chem. Phys., 51, 1672 (1969). 
M. J. S. Dewar and S. D. Worley, J .  Chem. Phys., 50, 654 (1969). 
D. C. Andrews and G. Davidson, J.  Organomet. Chem., 43,393 (1972). 

reference. 

Contribution from the Department of Chemistry, 
Harvard University, Cambridge, Massachusetts 021 38 

Trans Group 6 Metal Dicarbonyls. Stereochemical 
Control by Seven-Coordinate Intermediates 

S. Datta, T. 1. McNeese, and S. S. Wreford* 

Received April 17, 1977 AIC70275C 

Associative substitution reactions of four-coordinate species 
which proceed stereospecifically because of the nature of the 
five-coordinate intermediate or transition state are well es- 
tablished.' Several examples of similar stereochemical control 
in dissociative substitution reactions of octahedral species are 
also available.2 In principle, the geometric and site preferences 
of a seven-coordinate intermediate or transition state should 
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be capable of determining the overall stereochemistry of 
associative substitution reactions. However, no such examples 
are explicitly known. 

The group 6 dicarbonyls of the general formula M- 
(CO),(L-L), (L-L = bidentate phosphine or arsine) generally 
exist as the thermodynamically favored cis  isomer^,^ with the 
exception of the chromium complexes Cr(C0)2[o-C6H4- 
(PEt2)2]2 and Cr(C0)2[C2H4(PPh2)2]2, which exhibit cis-trans 
i~omerism.~ In contrast, the analogous seven-coordinate 
hydrides, [MH(CO)2(L-L)2]+, possess a monocapped octa- 
hedral structure, in which the carbonyls are mutually t r a n ~ . ~ , ~  
We report a simple preparation of metastable trans-M- 
(CO)2(L-L)2 utilizing the stereochemistry of the seven-co- 
ordinate hydride as a controlling factor. 
Experimental Section 

Solvents were purified by distillation from sodium benzophenone 
ketyl except for tert-butyl alcohol, which was distilled from sodium. 
c i~ -Mo(CO) , (dmpe)~ ,~~~ '  ~is-Mo(CO),(diphos)~,~ ~ i s - M o ( C 0 ) ~ -  
(diars),,* and c i~ -W(CO)~(dmpe)~ '~  were prepared by literature 
 method^.^ 

All reactions were performed under an atmosphere of prepurified 
nitrogen. Infrared, 100-MHz 'H and 40.5-MHz 31P NMR, and mass 
spectra were obtained on Perkin-Elmer 457A, Varian XL-100, and 
AEI MS-9 spectrometers, respectively. 3'P NMR chemical shifts are 
relative to external 85% phosphoric acid. Elemental analyses were 
by Schwarzkopf Microanalytical Laboratories, Woodside, N.Y. 
[M0H(CO)~(diphos)~l[SO~I;1(1). HS03F (39 pL, 0.68 mmol) was 

added via a syringe to 450 mg (0.47 mmol) of ~is-Mo(CO)~(diphos)~ 
in 25 mL of tetrahydrofuran. The extent of the reaction was monitored 
by infrared spectroscopy and within minutes complete conversion to 
the hydride was achieved. The solvent was removed in vacuo leaving 
light pink crystals. Recrystallization from tetrahydrofu an afforded 
400 mg of 1: 'H NMR (acetone-d6) T 15.28 (triplet of t :  iplets, J p A ~  
= 70.8, JPBH = 14.0 Hz); 3'P(1H) NMR (acetone) 26.1 and 49.0 ppm 
(AA'BB' pattern); IR (THF solution) uco 1873 cm-' (vs). 

Anal. Calcd for CS4H49FM~OSP4S: C, 61.84; H, 4.71. Found: 
C, 62.08; H, 4.87. 
[M0H(CO),(dmpe)~l[So,I;1(2). 2 was prepared analogously except 

that ether was used as the solvent: 'H  NMR (Me2SO-d6) 7 16.20 
(triplet of triplets, J p A ~  = 68.2, J p a  = 8.6 Hz); 31P(1H) NMR (acetone) 
28.9 and 51.9 ppm (AA'BB' pattern); IR (THF solution) uco 1868 
cm-' (vs). 

Anal. Calcd for C14H33FM~OSP4S: C, 30.45; H, 6.02. Found: 
C, 29.93; H, 5.50. 

[M0H(CO)~(diars)~l[S0~F] (3). 3 was prepared analogously to 
1: 'H NMR (acetone-d6) T 15.52; IR (THF solution) 1879 cm-I (vs). 

Anal. Calcd for C22H33A~4FMo05S: C, 32.06; H, 4.04. Found: 
C, 31.80; H, 3.88. 

[WH(CO)2(dmpe)21(S03F] (4). 4 was prepared analogously to 1: 
'H(31P) NMR (acetone-d6) T 16.43; IR (THF solution) uco 1852 cm-' 

Anal. Calcd for C14H33F05P4SW: C, 26.27; H, 5.20. Found: C, 
26.81; H, 5.15. 

trans-Mo(CO),(dmpe),. To 750 mg of 2 (1.36 mmol) suspended 
in 15 mL of THF at -78 OC was added 1.40 mL of a 1 .OO M solution 
of potassium in tert-butyl alcohol. After warming of the mixture to 
5 OC, 2 had completely dissolved, giving a bright yellow solution. After 
evaporation of the solvent at 5 OC, the residue was stirred with 30 
mL of ether and 10 mL of pentane for 5 min at 25 "C. The solution 
was filtered and the filtrate concentrated at 0 OC to ca. 5 mL. Cooling 
to -78 OC gave yellow crystals which were collected by filtration, 
washed with 2 X 2 mL of pentane at -78 OC, and dried in vacuo at 
25 OC. The resulting rrans-M~(CO)~(dmpe)~ was stored at -78 OC 
under N2 (397 mg, 65%): 31P(1H] NMR (benzene) 41.0 (s) ppm;I0 
IR (hexane solution) vco 1815 (vs) cm-'; mass spectrum m/e 452 
P', 424 [P - CO]', and 396 [P - 2CO]+. 

Anal. Calcd for C14H32M002P4: C, 37.18; H, 7.13. Found: C, 
36.91; H, 7.29. 

Similarly, addition of potassium tert-butoxide to 1,3, or 4 at 0 "C 
in THF solution resulted in total disappearance of the vco of the 
hydrides and formation of a single new band for the trans isomers: 
tran~-Mo(CO)2(diphos),, 1823 cm-'; tran~-Mo(CO)~(diars)~,  18 18 
cm-I; trans-W(CO),(dmpe),, 1796 cm-I. In each case, refluxing the 
solution resulted in disappearance of the band for the trans isomers 

(VS). 
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Table I .  Rates of Trans to  Cis Isomerization in T H F  

Notes 

trans-Mo(CO),- 5 .02  i 0.21 13ge 46.5 "C 
(dmpe), 5.15 f 0.24 135f 46.5 "C 

rrans-Mo(CO),- 1.88 + 0.39 36ge 25.7 "C 
(diphos), 3.34 k 0.31 20ge 4 4 . 6 " C  

trans-W(CO),- 11.6 i 2.3  59.8e 25.6 "C 
(dmpe),d 

3.22 i. 0.43  215e 44 .6  "C ,  1 a tm CO 

a Error limits based o n  standard deviations in least-squares fit- 
ting. Followed at  455 nm.  Followed at  460  nm;  isobestic 
point a t  505  nm.  
presence of a 10-fold excess of potassium tert-butoxide. 
presence of a 20-fold excess of potassium tert-butoxide. 

a n d  growth of the  vco of the  cis isomers. After conversion was 
complete, evaporation of the solvent and  extraction with benzene gave 
the  pure cis isomers, as judged by comparison of IR and mass spectra 
with au thent ic  samples. 

Kinetic Measurements. An appropriate amount of the hydride was 
placed in a 25" volumetric flask and dissolved in THF in an  efficient 
nitrogen-filled glovebox. A n  excess of potassium tert-butoxide in 
tert-butyl alcohol was added, resulting in an  immediate color change. 
T h e  solution was diluted to  the  mark  and  transferred to  glass cells, 
which were degassed, sealed in vacuo, and  thermostated. The  extent 
of isomerization was monitored by visible spectroscopy. 

Because of the lack of absorbance of t r ~ n s - W ( C O ) ~ ( d m p e ) ~  in the 
visible region, the  isomerization was followed by infrared mea- 
surements. In this instance a volumetric flask, containing a solution 
prepared a s  above, was fitted with a septum and  aliquots were 
withdrawn with a syringe. 

Results and Discussion 
Protonation of ~is-Mo(CO)~(diphos),, M~(CO)~(dmpe), ,  

M ~ ( C O ) ~ ( d i a r s ) ~ ,  or W ( e O ) , ( d m ~ e ) ~  with HS03F  under 
anaerobic conditions affords the corresponding hydrides, 1-4. 
The dmpe complex [ M ~ H ( C O ) ~ ( d m p e ) ~ l  [HCl,] has been 
previously reported by Connor et al.5a Although deuteration 
experiments did not locate a metal-hydrogen stretching 
frequency, each compound exhibited a 'H NMR resonance 
attributable to the metal hydride. In each case the spec- 
troscopic data imply trans carbonyls and are consistent with 
the monocapped octahedral structure found for TaH(C0)2- 
( d m ~ e ) ~  by x-ray techniques.6b In solution, 3 is stable only 
in the presence of excess acid; the infrared spectrum of a 
freshly prepared solution in THF slowly reverts to that of 
~is-Mo(CO)~(diars)~.  

Deprotonation of 1, 2, 3, or 4 with a stoichiometric amount 
or excess of potassium tert-butoxide quantitatively affords the 
corresponding tran~-M(cO)~(L-L), ,  identified via IR or 31P 
N M R  spectroscopy. t rans-M~(CO)~(dmpe)~ is sufficiently 
long-lived that it may be easily isolated in crystalline form. 
tran~-Mo(CO)~(diphos), has been prepared by displacement 
of N 2  from ~rans -Mo(N~)~(d iphos )~~*  and by reduction of 
[M~(CO)~(diphos),] [C104].4b The former method gives a pure 
product with, at best, great difficulty.l2 The latter requires 
preparation of the Mo(1) species. 

Inspection of Table I establishes that thermal isomerization 
of trans 1, 2, 3, and 4 to the cis complexes is sufficiently slow 
so that the pure isomers prepared by the protonation-de- 
protonation cycle are amenable to physical or chemical studies. 
Conversion to the cis isomers follows first-order kinetics and 
is unaffected by excess base or 1 atm of carbon monoxide. 
Elson has studied the isomerization of traa~-Mo(CO)~(diphos)~ 
(generated in situ by reduction of truns-[Mo(CO),(di- 
phos)2] [BF,]) by electrochemical  technique^.'^ Largely on 
the basis of the increase of kobsd with increasing solvent di- 
electric constant, an "arm-off, arm-on'' mechanism was 
p r o p o ~ e d . ' ~ ~ ' ~  Our kinetic data are consistent with the trends 
found by E l s ~ n . ' ~ ~ ~ ~  

Followed by  IR  spectroscopy. e In the  
In  the  

Aerial oxidation of ci~-Mo(CO)~(diphos)~ in the presence 
of perchloric acid is said to give paramagnetic trans-[Mo- 
(C0)2(diphos)2] [Clod] ,4a whereas analogous treatment of 
cis-M(CO),(dpm), (M = Cr, Mo, W; dpm = bis(dipheny1- 
phosphino)methane) gives trans- [MH(C0)2(dpm)2] [C104] .Sb 
Further, the latter are claimed to be formed via the M(1) 
complexes, t ran~-[M(CO)~(dpm)~]+,  on the basis of ESR 
evidence.5b While this may be true, oxygen is not required 
for the formation of 1, 2, 3, or 4-it is, in fact, deleterious. 
Moreover, Bond et al.5b have examined the deprotonation of 
trans- [ CrH (CO) (dpm) 21 [ C104] with tetrabut ylammonium 
hydroxide, which does give tran~-Cr(CO)~(dpm),. Oxygen 
is stated to be necessary for this reaction. Although we have 
not examined this particular compound, deprotonation of 1, 
2,3 ,  or 4 proceeds rapidly with potassium tert-butoxide with 
rigorous exclusion of air. 

Finally, we note that the protonation-deprotonation cycle 

r l+ 
0 

S0,F- 

f L  &" HS03F 
L co - L 

C 
0 

represents a contrathermodynamic preparation which proceeds 
because of the geometric preference of the seven-coordinate 
intermediate. 
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During investigations of the selective interactions of Na- 
[Co" ' ( a~ac )~ (NO~)~]  ' (acac = acetylacetonato) with bio- 
molecules,2 we neutralized an acid solution of the complex 
(0.04 mol of complex in 200 mL of 0.8 M HN03, 15 min) and 
obtained an orange product, I. This product is soluble in 

I I1 111 

common organic solvents, including CC14, but insoluble in 
water or in acid solutions. The material, obtained in 34% yield, 
was formulated as CI5CoHl8N3O9, mol wt 443. Anal. Calcd: 
C, 40.7; H, 4.1; N,  9.5. Found: C, 40.5; H, 3.9; N, 9.3 [mol 
wt (cryoscopically, benzene) 4071. 

The IR spectrum of I contains a pronounced carbonyl 
stretching band at 1715 cm-' (KBr pellet, Perkin-Elmer 621 
instrument). The 'H NMR spectrum of I (DCC13; all 'H and 
I3C NMR signals in ppm referenced downfield from TMS and 
obtained using Varian A-60 or CFT-20 instruments) contains 
only two equal-intensity signals at 2.78 and 2.38 ppm as- 
signable to methyl groups. No signals are present at 5.3 ppm, 
consistent with the absence of the methine proton at C(3). The 
addition of strong ligands such as pyridine and tri-n-butyl- 
phosphine in large excess did not change the 'H  NMR 
spectrum of I. 

On the basis of this data, we formulated I as the facial 
N-bonded isomer of tris(3-nitroso-2,4-pentanedionato)co- 
balt(II1). The properties of this complex correspond exactly 
with those of that prepared from an authentic sample of 
2,3,4-pentanetrione 3-m0noxime.~*~ Furthermore, we were able 
to recover 2,3,4-pentanedionetrione 3-monoxime5 from I (in 
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40% yield) by treatment with sodium sulfide, acidification, 
extraction into methylene chloride, and addition of ligroin to 
induce crystallization. Recent studies4v6 of I and related 
Co(II1) compounds which contain the chelating function 

X s /N=o 

- 

agree that coordination to Co(II1) involves ligating oxygen and 
nitrogen atoms. 

It is of some interest that studies of Fe(I1) and Ni(I1) 
octahedral complexes of chelates which can be expected to 
coordinate via the N of a nitroso group and by an 0 forming 
a five-membered ring also show the formation of the facial 

One of these compounds? ferroverdin, is a naturally 
occurring green low-spin iron(I1) pigment. The causes for the 
predominance of the facial geometry are not known. However, 
there have been no previous assignments of the overall ge- 
ometry of the tris cobalt(II1) complexes. On the basis of the 
'H NMR data for I, the facial geometry is strongly suggested. 
In view of the isoelectronic nature of the d6 Co(II1) and Fe(I1) 
centers, we felt it would be worthwhile to further explore the 
geometry of I and also to investigate one example of the 
tris( Onitrosophenolate)cobalt(III) complexes which have been 
so widely studied.6 The narrow range of chemical shifts and/or 
'H,'H couplings of 'H NMR spectra of diamagnetic Co(II1) 
complexes could obscure the presence of a meridional isomer. 

The proton-decoupled natural-abundance 13C N M R  
spectrum of I (DCC13) contains five distinct signals. The 
upfield signals at 28.44 and 30.76 ppm are of equal intensity 
and are readily identified as the C( 1) and C(5) methyl carbons 
of I. For spectral comparison, tris(acetylacetonato)cobalt(III), 
11, and tris(3-nitroacetylacetonato)cobalt(III),10 111, were 
prepared and characterized by elemental analysis. The 13C 
peak positions are as follows: In 11: C(1), 26.06 ppm; C(2), 
189.44 ppm; C(3), 97.13 ppm. In 111: C(1), 26.42 ppm; C(2), 
190.06 ppm; C(3), not observed down to 250 ppm. Both C( 1) 
and C(5) in I are shifted downfield, but an exact assignment 
of the two upfield signals is not possible. The C(3) signal of 
I1 is comparable in intensity to that for C( l), consistent with 
the presence of a C-H bond at C(3). However, the C(3) signal 
of I is shifted downfield by almost 60 ppm on nitrosation to 
155.58 ppm and is appreciably diminished in intensity as 
expected from the absence of any C-H bonds. The C(2) 
resonances in I1 and I11 are both at - 189 ppm and the signal 
of one of the carbonyl carbons of I is also found in this region 
at 189.01 ppm. We tentatively assign this signal to C(2). The 
resonance of the other carbonyl carbon, C(4), is found well 
downfield at 21 1.34 ppm in a shielding range characteristic 
of some aliphatic ketones. 

The information we have obtained could also be accom- 
modated by a rapidly isomerizing mixture of facial and 
meridional isomers. However, addition of tris[ 3-(hepta- 
fluoropropylhydroxymethylene) -d-camphorato] europium( 111) ' 
(0.03 M) to a solution of I (0.19 M in DCC13) caused 
downfield shifts of both methyl 'H  NMR resonances (2.38 
to 2.96 and 2.78 to 3.28 ppm). The resonance at 3.28 ppm 
was clearly resolved (- 1 Hz) into two signals of equal in- 
tensity. Such a finding would require a facile isomerization 
but a slow racemizationa highly unlikely set of circumstances 
particularly in view of the known chemistry of cobalt(II1) 
complexes. Similarly, we find that the 13C NMR spectrum 
of tris(2-nitroso- l-naphtholato)cobalt(III)6 contains six strong 
equiintensity signals (corresponding to the six carbons which 
have a directly bound hydrogen) and two weaker signals (two 
resonances were not observed). On the basis of the results 
obtained with I, it is most reasonable to conclude that the 
complex has the facial geometry. 




