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Conclusion 
This Account describes how antibodies specific for 

nicotine and its metabolites and for various prosta- 
glandins and their metabolites have been used to de- 
velop sensitive RIA'S for these compounds. Thus far, 
antibodies have been prepared and RIA'S developed 
for at  least 100 other compounds of pharmacological 
impor t an~e . l>~-~  It has been calculated that an indi- 
vidual animal has the potential to produce antibodies 
that can recognize lo7 and perhaps up to los diverse 
immunodominant moieties. Nature, therefore, has 
provided the pharmacologist and synthetic chemist 
with an analytical system of extraordinary specificity 

that can be adapted to the quantitative determina- 
tion of a wide variety of pharmacologically active 
molecules. I t  is clear that RIA will be an important 
analytical tool in research as well as in the clinical 
laboratory. 
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With the expectation that significant synthetic 
methodologies will emerge from organotransition- 
metal chemistry, organic chemists are becoming in- 
creasingly interested in this rapidly growing field. To 
date, few truly useful new organotransition reagents 
have been deve1oped.l However as new reactions are 
discovered and the underlying reaction mechanisms 
are slowly clarified, practical applications become 
more likely. In this Account, I summarize our re- 
search on NazFe(C0)a as a reagent for organic syn- 
thesis. 

This work had its origin in 1970 when my postdoc- 
toral associate, M. Cooke, was searching for a method 
of forming Ge-Ge bonds by coupling R3GeC1 with 
two electron reductants such as NazFe(C0)4. Being 
an organic chemist, Cooke tried methyl iodide in a 
model reaction. Treatment of CH31 with NanFe(C0)d 
followed by hydrolysis gave the characteristic odor of 
acetaldehyde. This lead was quickly developed into a 
general synthesis of homologous aldehydes.2 Because 
of my past interest in oxidative a d d i t i ~ n , ~  reductive 
e l i m i n a t i ~ n , ~ ~  and migratory insertion,3h the poten- 
tial of Na~Fe(C0)4 as a reagent for organic synthesis 
was evident, and the matter became vigorously pur- 
sued by my other students. 

Synthesis of the Reagent. Our early experiments 
employed NaZFe(C0)4 derived from Fe(C0)5 and so- 
dium-mercury amalgam (eq 1).2 Because of the ex- 
pense, difficulty in scale-up, and the presence of mer- 
cury salts and of colored polynuclear iron carbonyl 
impurities inherent in this procedure, we sought a 

Professor Collman's work covers a wide range of complex ion chemistry, 
from the classical coordination compounds to the newer organometallic 
combinations. He is a native of Nebraska, and studied at the University of Ne- 
braska for his B.S. degree. Following receipt of the Ph.D. from the University 
of Illinois in 1958, he joined the faculty of University of North Carolina. In 
1967. he moved to Stanford Untversity, where he is professor of chemistry. 

better method for preparing NaaFe(CO)4. Eventually 
we developed a very practical m e t h ~ d ~ > ~  (eq 2) 

Fe(CO), - Na,Fe(CO), (1) 
N W d  

THF 
orange  r ed  -yellow 

orange  deep  blue white 

employing Fe(C0)5, the least expensive iron carbon- 
~ 1 , ~  and metallic sodium, with an electron carrier 
(such as benzophenone ketyl) in an ethereal solvent 
under conditions where the sodium (mp 97.5') is 
molten. At  atmospheric pressure, boiling dioxane (bp 
101O) is ideal, yielding a more soluble solvate (eq 2). 
This process is rapid, nearly quantitative, and easily 
scaled up. Present raw material costs in this prepara- 
tion of NazFe(CO)4 depend substantially (-75%) on 
the current price of Fe(C0)s. However, if a large- 
scale application for Fe(C0)s were de~e loped ,~  raw 
material costs could drop below those of Grignard re- 

(1) Perhaps the most versatile and useful transition-metal reagents de- 
veloped thus far are organocopper compounds: H. 0. House, Proe. Robert A. 
Welch Found. Conf Chem. Res., 17,101 (1973). 

(2) M. P. Cooke, J .  Am. Chem. Soc., 92,6080 (1970). 
(3) (a) J. P. Collman and W. R. Roper, J .  Am. Chem. Soc., 87, 4008 

(1965); (b) J. P. Collman, Ace. Chem. Res., 1, 136 (1968); (c) J. P. Collman 
and W. R. Roper, Adu. Organometal. Chem., 7,54 (1968). 

(4) J. P. Collman and R. G. Komoto, U S .  Patent Application filed June 
11, 1973. 

(5) (a) J. P. Collman, R. G. Komoto, W. 0. Siegl, S. R. Winter, and D. R. 
Clark, unpublished results; (b) S. R. Winter, Ph.D. Dissertation, Stanford 
University, 1973; ( e )  R. G. Komoto, Ph.D. Dissertation, Stanford University, 
1974. 

(6) In fact, Fe(C0)j  is the least toxic and least expensive transition-metal 
carhonyl. The other iron carbonyls, FedC0)g and FeS(C0)12, are derived 
from Fe(C0)E and thus are more expensive. 

(7) For example, commercialization of a carbon monoxide process con- 
verting ilmenite to rutile would produce Fe(C0)j  as a by-product: A. Vasna- 
pu, B. C. Marek, and J. W. Jensen, Report of Investigations 7719, U S .  De- 
partment of the Interior, Bureau af the Mines, 1973. 
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RH 

RCHO 

\ /” &i,L=CO 0 

2 b,L = R3P 
L (CO or R,P) 

Figure 1. 

agents, making NazFe(C0)e competitive in fine 
chemicals manufacture. However, the extreme oxy- 
gen sensitivity of NazFe(C0)4 (spontaneously inflam- 
mable in air) will severely hinder its development on 
both industrial and laboratory scales. 

Scope of Synthetic Applications. Conversions of 
aliphatic halides and sulfonates into aldehydes,2 un- 
symmetric ketones,8 carboxylic acids,g  ester^,^ and 
amidesg by means of NazFe(C0)4 (1) are outlined in 
Figure 1.l0 In a sense NazFe(C0)4 can be considered 
a transition-metal analog of a Grignard reagent. 
Principal advantages of these NazFe(C0)4 reactions 
are high yields, stereospecificity, and toleration of 
unmasked functional groups which would be at- 
tacked by the more reactive magnesium or lithium 
reagents. Limitations of NazFe(C0)e derive from its 
basicity (pKb about that of OH)ll and the resulting 
tendency to cause eliminations. Thus for reaction a in 
Figure 1, tertiary substrates cannot be used, and sec- 
ondary tosylates are preferred over secondary ha- 
lides. Allylic halides cannot be employed since these 
afford stable 1,3-diene.Fe(C0)3 complexes rather 
than the alkyliron(0) intermediate 2. The prepara- 
tion of aldehydes goes through the acyliron(0) inter- 
mediates 3. Since pathway b, migratory insertion of 
the alkyliron(0) 2 to the acyliron(0) 3, fails for alkyl 
groups bearing adjacent electronegative groups, the 
scope of aldehyde synthesis is limited to simple pri- 
mary and secondary substrates. However, the acid 
chloride route (c) followed by (d) can also be em- 
ployed.12 Finally, alkylation of the alkyl or acyl inter- 
mediates 2 or 3 (steps e and f)  affording ketones is re- 
stricted to reactive primary alkylating agents R’X, 
R”X (usually a primary iodide). 

In spite of these restrictions a wide range of useful 
synthetic reactions can be carried out in high yield 
using NazFe( C0)4. Specific examples with yields are 
given in Figure 2. Reactions 3, 5, 6, and 9 illustrate 

(8) J. P. Collman, S. R. Winter, and D. R. Clark, J.  Am. Chem. Soc., 94, 
1788 (1972). 

(9) J. P. Collman, S. R. Winter, and R. G. Komoto, J.  Am. Chem. SOC., 95, 
249 (1973). 

(10) The following abbreviations are used in this paper: L is a tertiary 
phosphine or CO, Xz is Clp, Br, or 12, THF is tetrahydrofuran, NMP is N -  
methylpyrrolidinone. 

(11) P. Krumholtz and H. M. A. Stettiner, J.  Am. Chem. SOC., 71, 3035 
(1949). 

(12) This route has been used for an aldehyde synthesis: Y. Watanabe, T. 
Mitsudo, M. Tanaka, K. Yamamoto, T. Okajima, and Y. Takegami, Bull. 
Chem. SOC. Jpn.,  44,2569 (1971). 

1. Na,Fe(CO),, 
THF,CO 

0 

98% 
1. Na,Fe(CO),, 

NMP“ 
____t Br ‘- CO,C,H, 2. C,HJ 

/\/c/\/CO,CLH, (5) 
II 
0 

74% (80) 
1. Na,Fe(CQ,), 

-Br THF,CO 

2. n-C,F,,COCI 
N 

72% 

1. Na,Fe(CO),, 0 
THF, hXP 

Br 2. - I,,CH,OH -(!!OCH3 

71% 

k 
0 

B~ 1 Na,Fe(CO,), Ph,P 

2 HOAc 

90% 

1 Na,Fe(CQ),, FdCO,) 

2. HOAc, dioxane 
0 

0 

(97%) Cis:trans 9:1 

0 

1. Na,Fe(CO),, Fe(CO), 

2. 2HOAc, dioxane 

7wo (87) 
Figure 2. A survey of organic syntheses involving NazFe(C0)d. 

12) 
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the toleration of other functional groups. Comparison 
of eq 3 and 8 shows how the reactivity of the alkyla- 
tion step a in Figure 1 may be controlled by the 
choice of solvent. A special case, affording hemifluo- 
rinated ketones13 (eq 6), involves treating an alkyl- 
iron(0) intermediate ( 2 )  with a perfluoroacid chloride; 
however, this process is not effective with simple acid 
chlorides. The synthesis of cyclopentanone from 1- 
bromo-3-butene (eq 10) is also a special case limited 
to five- and six-ring k e t o n e ~ ~ ~ J ~  and is not illustrated 
in Figure 1. The mechanism of (10) seems to involve 
a variation of step b in which the olefin acts as an in- 
tramolecular ligand, L. 

Perhaps the most important synthetic application 
of NazFe(C014 is the highly selective reduction of 
conjugated olefins illustrated in eq 11 and 12.15 
These reactions may involve F\;azFe2(Co)8, prepared 
by reaction of NazFe(CQ)4 with Fe(C0)5 (eq 13) or 
generated in situ. Two equivalents of a mild acid are 
required. In terms of yield, stereoselectivity, and tol- 
eration of other functional groups (aldehyde, ketone, 
nitrile, unconjugated olefin, halides, and epoxides) 
this reagent15 seems superior to other recently de- 
scribed reducing agents.16 

NazFe(C0)4 + Fe(CO)5 -- NazFe,(CO), + CQ (13) 

The reagent Na2Fe(CQ)4 is also useful for the syn- 
thesis of unusual inorganic substances. Two examples 
are shown in eq 1417 and 15.18 The latter is a complex 
reaction in which a Ge-Ge bond is cleaved. 

I I 
R R  

Mechanisms of Organic Syntheses Using 
Na2Fe( CO)4. Qualitative mechanistic patterns of or- 
ganotransition-metal reactions3b were used as a guide 
for developing the synthetic applications of NazFe- 
(co)4. However, unexpected results such as striking 
solvent effectslg prompted us to  explore the reaction 
mechanisms in depth.20 These studies, although still 

(13) J. P. Collman and N. W. Hoffman, J .  Am. Chem. Soc., 95, 2689 
(1973). 

(14) (a) J. Y. Merom, J. L. Roustan, C. Charrier, and J .  Organometal. 
Chem., 51, C24 (1973); (h) J. P.  Collman, M. P. Coo, J. N. Cawse, and ke R. 
G. Komoto, unpublished results. 

(15) J. P. Collman, R. G. Komoto, R. Wahren, and P. L. Matlock, unpub- 
lished results. 

(16) (a) R. Noyori, I. Umeda, and T. Ishigami, J.  Org. Chem., 37, 1642 
(1972); (h) R. K. Boeckman and R. Michalak, *J, Am. Chem. SOC., 96, 1623 
(1974); (c) S. Masamune, G. S. Bates, and P. E. Georghiou, ibid., 96, 3686 
(1974). 

(17) J. P. Collman, R. G. Homoto, and W. 0. Siegl, J. Am. Chem. Soc., 94, 
5905 (1972). 

(18) J. P. Collman and J. K. Hoyano, unpublished results. 
(19) J. P. Collman, J. N. Cawse, and J. I. Brauman, J.  Am. Chem. Soc., 

(20) J. P.  Collman, J. I. Brauman, R. G. Finke, and J. N. Cawse, unpub- 
94,5905 (1972). 

lished results. 

incomplete, provide a substantial understanding of 
the underlying mechanisms. 

In Figure 1 pentacoordinate anionic alkyl- and 
acyliron(0) complexes (2 and 3) are shown as inter- 
mediates. In synthetic practice 2 and/or 3 are gener- 
ated and used in situ. Several examples of these air- 
sensitive anionic iron(0) complexes have been isolat- 
ed as air-stable crystalline [(Ph3P)2NIf salts,21 char- 
acterized by elemental analyses and NMR and ir 
spectra, and demonstrated to undergo the individual 
steps b, d, e, f ,  g, and h illustrated in Figure l.5722 The 
indicated trigonal-bipyramidal structures with bulky 
substituents in the apical position expected for five- 
coordinate d8 complexes (C3u symmetry) are consis- 
tent with the pattern of uco frequencies exhibited by 
the isolated complexes. Proton and 13C NMR spec- 
tra-especially for CO groups-suggest rapid equili- 
bration of axial and equatorial groups, characteristic 
of many pentacoordinate complexes. 

Let us next consider each reaction step and the ev- 
idence bearing on the corresponding mechanism. Re- 
action between an alkyl halide or sulfonate and 
Na2Fe(C0)4 forming a saturated d8 complex 2 (step 
a) can be considered an oxidative addition3 of a coor- 
dinatively saturated d10 complex, 1, or equivalently 
as an SN2 attack at  carbon by the nucleophilic re- 
agent 1. Substrate reactivities (CH3 > RCH2 > R- 
R’CH, and RI > RBr > ROTS > KCl) resemble clas- 
sic SN2 reactions.20 Furthermore, the observed stere- 
ochemistry (overall inversiona-eq 7, Figure 2) is 
consistent with inversion23 in step a, Figure 1, fol- 
lowed by retention24 in the migratory insertion, step 
b. 

The form of the rate law for the oxidative-addition 
step a is also consistent with an SN2 reaction when 
account is taken of the dominant role which ion pair- 
ing plays in this step. The rate of step a is dramati- 
cally increased by employing more polar  solvent^.^^>^^ 
For example, addition of 10% NMP to a THF solu- 
tion of NazFe(CQ)4 increases the rate of step a 100- 
fold. Synthetic applications for this solvent-depen- 
dent reactivity are illustrated in Figure 2. In THF 
primary chlorides are very slow (eq 3), whereas in 
NMP these are useful substrates (eq 8). Solvent ef- 
fects on the rate of the alkylation step a have been 
examined quantitatively for THF and NMP. These 
results clearly indicate the more dissociated species 
are kinetically more active. 

For NMP solutions of NazFe(C0)a freezing-point- 
depression studies indicate that the dominant species 
is a uni-~nielectrolyte.~~ For reaction a under 
pseudo-first-order conditions in iron, the observed 
second-order rate constant increases with decreasing 
[ F e l ~  (total of NaaFe(C0)e concentration). The ob- 

(21) This ion is often useful in forming kinetically stable crystalline salts 
of oxygen-sensitive anions: J. K. Ruff and W. J. S. Chlientz, Inorg. Syn., in 
press. 

(22) W. 0. Siegl and J. P. Collman, J. Am. Chem. Soc., 94,2516 (1972). 
(23) Other oxidative additions found to go by inversion a t  carbon include: 

(a) P. K. Wong, K. S. Y. Lau, and J. K. Stille, J.  Am. Chem. Soc., 96, 3956 
(19741, and references therein; (b) G. M. Whitesides and D. J. Boschetto, 
ibid., 91,4313 (1969). 

(24) All alkyl-acyl migratory insertions which have been studied with 
chiral centers proceed with retention a t  that  center-see, for example, ref 
23h. 

(26) (a) J. N. Cawse, Ph.D. Dissertation, Stanford University, 1973. (b) In 
NMP the solvent-separated ion pair may be the kinetically dominant 
species. 
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Table I 
Effect of Solvents on Reaction Rates 

Alkyl ketonea Acyl ketonea HFe  (CO)4- 
Alkyl t o  r eac t ion  ( e ) ,  r eac t ion  ( f ) ,  react ion,  

Cation in THF acyla (b), Ph,PMe,  0" CH31, 0" CH31, 25" CZHSI, 35" 
___- - 

L i +  6 X 1W2 1 x 10-1 1 x 10-3 1 x 10-3 
(Ph3P),N+ <2 x 10-5 2 x 10-1 1 x 10-1 2 x 10-3 
Na+ 1 x 10-2 1 x 10-1 1 x 10-3 1 x 1 0 - ~  
Na', 1 % N M P  3 x 10-3 1 x 10-1 3 x 10-3 
Na+, lO%NMP 1 x 10-4 1 x 10-1 3 x 10-2 

a Second-order rate constants, k z ,  in M - l  sec-l * The pioduct of this rcmtion is ethane. c These values are imprecise because triple 
ions have not been taken into account. However the trends with respect to gegenion are probably correct. 

served rate data can be accommodated by a single 
dissociative equilibrium (eq 16) with K D  = 0.2 M .  A 

NazFe(CO)4 e Na' + {NaFe(C0)4'} (16) 

conductometric titration of NazFe(C0)r in NMP 
using cryptate as the titrant shows two equivalence 
points corresponding to the titration of the first and 
second sodium ion.20 These conductivity data are 
consistent with the kinetic results. From the ratio of 
conductivities at the initial (no cryptate present) and 
the first equivalent point, K D  (eq 16) is calculated to 
be K D  50.3 M .  

An estimate of the dissociation constant for the 
second sodium ion is -lob3 M ,  which is consistent 
with the notion that the free ion Fe(C0)d2- is not 
kinetically important-even in NMP. This conclu- 
sion is also supported by a small (50%) common ion 
rate depression for step a in the presence of an %fold 
excess of NaBPh4 over Na2Fe(C0)4 in NMP.20 

In THF NazFe(C0)d is much less dissociated and 
correspondingly less soluble than in NMP. Changes 
of conductivity of NazFe(C0)4 in THF as a function 
of concentration give an estimate of K D  = lov5 M (eq 
16).20 This is consistent with the failure of dicyclo- 
hexyl-18-crown-6 crown ether to produce a 
breakpoint in the conductometric titration in T H F  
since in this solvent the sodium binding constants of 
this crown ether and [NaFe(CO)r]- seem to be of 
comparable magnitude. Addition of 1 equiv of crown 
ether to NazFe(C0)4 in THF increases the rate of re- 
action a with both alkyl chlorides and bromides by 
-60-fold-again indicating a greater reactivity for 
the species [NaFe(C0)4]-. For such a small K D  the 
observed second-order rate constant should be pro- 
portional to [ F e ] ~ - l / ~ .  This relationship was found to 
be followed within experimental error. Activation 
energies were determined for reaction between Naz- 
Fe(C0)4 and an alkyl bromide in THF. The large neg- 
ative entropy of activation and small enthalpy ( A S $  = 
-40 f 5 eu; AH1 = 7.2 f 0.3 kcal mol-l) are similar 
to those found for other bimolecular oxidative-addi- 
tion reactions involving transition metals and alkyl 
halides. 

Thus the 20,000-fold dif ference in reactivity of 
NazFe(C0)d in NMP compared with THF20lZ5a can 
be accounted for by differences in the extent of disso- 
ciation of the first Na+ in the two solvents with the 
assumption that NaFe(C0)4- is the kinetically domi- 
nant species.25b Comparison of the reactivity of 
NazFe(C014 with those for other transition-metal nu- 
cleophiles can be made by using the Pearson logarith- 

KD 

mic nucleophilicity parameter.26a The estimated 
16.7, for NazFe(C0)d in NMP is as high as 

any other nucleophile on record. 
Ion-pairing effects26c are also important in the mi- 

gratory insertion reaction converting alkyliron(0) 
com.plexes 2 into corresponding acyl complexes-step 
b, Figure 1. In our early studies we were surprised to 
find this reaction to be slower in better solvating 
media such as HMPA or NMP compared with 
TH:F.lg Thus step b is dramatically retarded by add- 
ing a few percent NMP to THF solutions of 2 (Table 
I). Furthermore, the rate of migratory insertion 
shows marked dependence on the nature of the ge- 
gencation: Li+ > Na+ >> [(Ph3P)2N]+ (Table I). 

Thus unusual behavior can be quantitatively ac- 
counted for by assuming that the  tight ion pair,  
NaRFe(C0)4, is t he  kinetically active species-more 
so even than a solvent-separated ion pair by a factor 
of >.lo2. Further evidence for ion pairing comes from 
a cyown ether conductometric titration of NaRFe- 
(col)4 (2) which shows a sharp break at  1:l crown 
ether to NaRFe(C0)4 in THF. One equivalent of 
crown ether results in a 150-fold decrease in the rate 
of reaction b in THF. 

The rate law for these migratory insertions is first 
order with respect to the tight ion pair of the acyl 
com.plex of 2 and first order with respect to ligand 
L.20,25 The concentration dependence for the conduc- 
tivity of the acyl salt 2 shows the presence of triple 
i ~ n ~ ~ . ~ ~ ~  The rate dependence of the migratory inser- 
tion reaction upon the total iron concentration has a 
nea:rly zero slope, but this can be qualitatively ac- 
com.modated by taking into account ion-pairing equi- 
1ibr:ia which include the formation of triple ions.26c 
[Na[RFe(C0)4]Na]' + [RFe(C0)4][Na][RFe(C0)4]~ 

t r i p l e  i ons  

K i  K 2  
{NaRFe(C0)4} F= Na'lt RFe(CO)*- Na' RFe(CO)4- 

t ight ion p a i r  solvent -separated (17) 

The observed second-order rate law for reaction b 
is c'onsistent either with a concerted mechanism or 
one involving formation of a hypothetical four-coor- 
dinate, unsaturated intermediate, 4 (Figure 3), under 
conditions where k l  >> [L]k2. Because of prior evi- 

ion p a i r  

(26) (a) R. G. Pearson, H. Sobel, and J. Songstad, J. Am. Chem. Soc., 90, 
319 (1968). (b) This parameter was estimated from the rates of n-alkyl chlo- 
ride in NMP, and then correcting for the reactivity ratios for methyl vs. n -  
alkyl and for chloride vs. iodide. We consider such parameters to have very 
limitcd value. (c) A general reference on ion-pairing effects is: "Ions and Ion 
Pairs in Organic Reactions", Vol. 2, M. Szwarc, Ed., Wiley-Interscience, 
New York, N.Y., 1974. 
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o x a +  ONa' 
f -  + II - k2 II - 

[NaRFe(CO),J 7 (NaRCFe(C0)Zl 7 (RCFe(CO),LI 

Figure 3. Rate = h l k ~ [ Z ] [ L ] / ( h - ~  + [ L ] k z ) .  If k - 1  >> [L]hz ,  rate = 
( k l / k - i ) k z [Z][L] .  1 } denotes tight ion pair. 

2 4 3 

0 0 0 

Na' 6 279 6 362 6 254 

R = H, CjH, 7 

[(Ph,P),N] + 6 261 

Figure 4. I3C chemical shifts for acyl and carbene carbon atoms in 
ppm relative to TMS. 

dence for a two-step path in alkyl-acyl migratory in- 
s e r t i o n ~ , ~ ~  we prefer this mechanism in the present 
case. Furthermore, the near-zero activation entropy 
( A S $  = -2 eu) found for reaction b is inconsistent 
with a'-concerted mechanism. Nevertheless we have 
so far not been able to find conditions under which 
the rate law for (b) deviates from second-order be- 
havior. 

In THF the acyliron(0) complex 3 also forms a 
strong ion pair with Na+ (or Li+), as shown by con- 
ductometric titration (Figure 3), and the cation de- 
pendence of the acyl ir stretching mode. By using this 
change in the infrared spectrum, we were able to 
show that the acyl complex forms a more stable ion 
pair, 6, than that of the alkyl complex, 5 (eq 18). The 

[(.Ph,P)2N]'[C,H5CFe(CO)4]- + {Na'C,H5Fe(C0)4-) 

0 
/ I  K 

K >  
i o 0  

ON: 
I I  

{C2H5CFe(C0)4) -+ [(Ph,P),N]'[C,H,Fe(CO)~]- (18) 

formation of the sodium-acyliron tight ion pair 6 is 
also easily detected by I3C NMR spectroscopy. The 
acyl carbon exhibits an 18-ppm chemical shift going 
from the tight ion pair to the free anion (Figure 4). 
Such a chemical shift occurs upon successive addition 
of aliquots of NMP to THF solutions of the sodium 
ion pair 3 until the value of the free acyl ion is 
reached.28 The 13C NMR chemical shift of the CO 
groups (a sharp singlet) is insensitive to ion pairing, 
suggesting that the cation is associated with the acyl 
oxygen in 6. The acyl tight ion pair 6 may be consid- 
ered structurally related to carbene complexes such 
as 7 (Figure 4) which exhibit a characteristically low- 
field 13C NMR signal for the carbene carbon.2g 

The reverse of step b which would involve conver- 

6 

(27) (a) I. S. Butler, F. Basolo, and R. G. Pearson, Inorg. Chem., 6, 2074 
(1967); (b) R. W. Glyde and R. J. Mawby, Inorg. Chim. Acta, 4,331 (1970); 
5,317 (1971); Inorg. Chem., 10,854 (1971). 

(28) This I3C chemical shift vs. NMP "titration curve" exhibits a 
breakpoint a t  2.5 NMP per Na'. 

(29) C. G. Kreiter and V. Formacek, Angew. Chem., Int. E d .  Engl., 11, 
141 (1972); G. M. Bodner, S. B. Kahl, K. Bork, B. N. Storhoff, J. E. Wuller, 
and L. J. Todd, Inorg. Chem., 12,1071 (1973). 

r 0 0  i 
0 
I1 

RCFe(CO),- -F R'X (or "+) - 
I 

9 

1 

0 
10 

Figure 5. 

sion of 3 to 4 in Figure 3 is very slow, as shown by the 
failure of the acyl complex 3 to exchange with 13C0 
under ambient conditions. This kinetic stability of 
acyl complexes was employed to prepare the thermo- 
dynamically unstable formyl complex 8 (eq 19)30 by a 
variation of step c (Figure 1). Hitherto no formyl 
complex had been characterized. Apparently the fail- 
ure of the hydride NaHFe(CO)4 to form the formyl 
complex under 1000 psi CQ is due to an unfavorable 
equilibrium (KlIK-1 very small in Figure 3, R = W). 
A similar explanation can be advanced for the failure 
of electronegatively substituted alkyl groups (such as 
11, eq 20) to migrate, thus limiting the scope of the 
sequence ((a), (b), (d)) forming aldehydes. 

0 I c0 
8 

The transformation of acyl complexes into al- 
dehydes (step d) is conceptually simple but, mechan- 
istically ill-resolved. Probably protonation of the 
iron, affording a six-coordinate iron(I1) complex 9 (R 
= H), is followed by rapid reductive elimination (Fig- 
ure 4-). The acyl ketone synthesis (step f)  (Figure 1) 
follows a second-order rate law and probably goes by 
a similar path (Figure 4). The ketone synthesis 
brought about by alkylating the alkyliron complex 2 
(step e, Figure 1) is also a second-order reaction (100 
times faster than step f; see Table I).20 This "alkyl 
ketone synthesis" is more complex and must involve 
at  least two intermediates. Alkyl-alkyl hydrocarbon 
coupling has not been detected.31 That step e, Figure 
1, does not involve the unsaturated acyl intermediate 
4 (Figure 4) is certain because (e) does not show par- 
allel kinetic responses due to the ion-pairing effects 
described above for the alkyl-acyl migration (see 
Table I). Intermediates such as 9 have not been de- 
tected. That alkylation at  oxygen affording an oxy- 
carbene intermediate, 10, is not involved in step f is 
clear since 1032 was found to be quite stable (Figure 

(30) d. P.  Collman and S. R. Winter, J .  Am. Chem. SOC., 95,4089 (1973). 
(31) The reductive elimination of two saturated alkyl groups forming an 

alkane would be a most useful synthetic procedure; however, this seems to 
be an unfavorable process. 

(32) (a) N. 1%'. Hoffman, Ph.D. Dissertation, Stanford University, 1973; 
(b) H. L,. Conder and M. Y. Darensbourg, J.  Organometd .  Chem., 67, 93 
(1974). 
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5). Similar, stable acyloxy carbene complexes are 
formed by reaction of the anionic acyl complexes 3 
with acid chlorides blocking a potential synthesis of 
a-diket0nes.3~ 

The mechanisms for paths g, h, i, and j (Figure 1) 
have not been studied. It seems probable that these 
involve oxidation of 2 or 3, affording very reactive 
iron(II1) acyl complexes. Oxidative enhancement of 
migratory insertion and solvolysis of oxidized acyls 
have  precedent^.^^ 

Mechanisms for the reducing reactions (eq 11 and 
12, Figure 2) are poorly understood. The coordina- 
tively saturated hydride slowly adds to a,p-unsatu- 
rated esters, affording the kinetically determined 
product 11 (eq 20) which is reduced by protonation 
(step k, Figure 1): but the first step in eq 20 is too 

(33) Low yields of a-diketone have been found after. destructive distilla- 
tion mixtures formed from acid chlorides and the acyl complex: Y. Sawa, M. 
Ryang, and S. Tsutsumi, J.  Org. Chem., 35,4183 (1970). 

(34) (a) K. M. Nicholas and M. Rosenblum, J.  Am. Chem. SOC., 95,4449 
(1973); (b) M. Rosenblum, Acc. Chem. Res., 7,122 (1974). 

slow to account for the rate of reductions in reactions 
such as eq 11 and 12 (Figure 2). 

1. NaDFe(C0)4 

Z.C(Ph$)ZNl’ 
CH,=CHCO,CH3 

DCH,C[Fe(C0)4]HC02CH3[(Ph3P)2N+] (20) 

We are still investigating mechanisms for the re- 
duction reactions (eq 11, 12) and oxidatively induced 
migration.34 These may bring to a close our studies of 
this reagent. 
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One of the most intriguing aspects of modern stud- 
ies of the chemistry of solid surfaces (especially met- 
als) is that their chemistry can be strongly dependent 
on the specific crystal face exposed. Beginning with 
the work of Cunningham and Gwathmey on the in- 
teraction of ethylene with single-crystal surfaces of 
nickel’ and the more recent work of Delchar and 
Ehrlich on the interaction of nitrogen with single- 
crystal planes of tungsten,2 it has become obvious 
that different planes of the same metal can have en- 
tirely different chemistry. In fact, the work of 
Schmidt and his coworkers3~* suggests that different 
planes of the same metal can exhibit a greater differ- 
ence in chemistry than the same planes of different 
but closely related metals. 

The realization that such diversity can exist ex- 
plains to some extent why areas such as catalysis are 
characterized by a lack o f  understanding o n  a funda-  
mental  level, an observation which becomes obvious 
on reading reviews such as the books by Bond5 and 
Thomas and Thomas.6 A normal polycrystalline ma- 
terial of the type used for catalytic studies will expose 
a distribution of crystal faces, as well as an array of 

Robert Rye, who is currently a member of the Scientific Staff of Sandia 
Laboratories, was born in Memphis, Tenn.. in 1935. Following military ser- 
vice, he received the B.S. degree from Memphis State University in 1963, 
and in 1968 the Ph.D. degree from Iowa State University working with R. S. 
Hansen. From 1968 to 1974 he was a member of the Chemistry Department 
at Cornell University, where he carried out research on the details of the 
chemistry that occurs at metal surfaces. 

high-energy sites such as grain boundaries and de- 
fects of various types. As a result, measurements ob- 
tained on such a sample could yield results which are 
composites of contributions from all such sources. 
For such materials one cannot, as has been the usual 
case, treat the surface as a uniform reactant. 

Despite this intriguing diversity with crystal face, 
the majority of single crystal work in the past has 
been conducted on a single crystal face. Moreover, 
until recently this field has been dominated by stud- 
ies on tungsten surfaces, mainly for experimental rea- 
sons. The ability to clean and characterize surfaces 
has been so central to the renaissance that has oc- 
curred in this area that tungsten, considered the eas- 
iest metal to clean, has occupied a central position. 
The ability to clean and characterize surfaces, and 
thus eliminate the problem of foreign species a t  the 
surface, stems directly from the development of tech- 
niques for the production and measurement of ultra- 
high vacuum T ~ r r ) . ~ , ~  Pressures of this order 

(1) A. T. Gwathmey and R. E. Cunningham, Adu. Catal., 10,57 (1958). 
(2) T. A. Delchar and G. Ehrlich, J.  Chem. Phys., 42,2686 (1965). 
(3) H. R. Han and L. D. Schmidt, J.  Phys. Chem., 75,227 (1971). 
(4) M. Mahnig and L. D. Schmidt, Z. Phys. Chem. (Frankfurt am M a i n ) ,  

(5) G. C. Bond, “Catalysis by Metals”, Academic Press, New York, N.Y., 

(6) J. M. Thomas and W. J. Thomas, “Introduction to the Principles of 

(7) G. Ehrlich, Ado. Catal., 14,255 (1963). 
(8) P. A. Redhead, J. P. Hobson, and E. V. Kornelson, “The Physical 

80,71 (1972). 

1962. 

Heterogeneous Catalysis”, Academic Press, New York, N.Y., 1967. 

Basis of Ultrahigh Vacuum”, Chapman and Hall, London, 1968. 


