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The chemists’ concept of acid and base has changed 
greatly since Arrhenius’s original definition of an acid 
as a substance which would dissociate in water to 
give a hydrogen ion, and a base, to give a hydroxide 
ion. Brqinsted, and independently Lowry, redefined 
the terms so as to extend their usefulness to nonaqueous 
solutions. This they accomplished by designating as 
acid any substance which donates a proton and as 
base any substance which accepts a proton. Lewis 
further generalized the terms, defining acids as species 
which act as electron-pair acceptors in chemical re- 
actions, and, conversely, bases as electron-pair donors. 
In  modern usage the electron pair often is not empha- 
sized, so a base is simply an electron donor while 
an acid is an electron acceptor. It is primarily in 
this latter sense that we shall use the terms base 
and acid. 

The idea of metal basicity may seem strange, be- 
cause metal cations are customarily regarded as acids. 
However, as described in this Account, there are many 
complexes of metals in low oxidation states where 
the metals serve as donors to one or more ligands. The 
first examples of metal basicity date to the 1930’s 
when Hieber and his coworkers prepared transition 
metal carbonyl hydrides and demonstrated their acid- 
ity. During this time Hieber and his school found 
that metal carbonyl anions may bring about nucleo- 
philic displacements on inorganic and organic halides. 
About 20 years later, Wilkinson and his students 
initiated studies on the protonation of n-cyclopenta- 
dienyl complexes. This work, in which extensive use 
was made of proton nmr, stimulated much of the 
current interest in the protonation of transition metals. 
The scope of metal basicity has been significantly 
extended by the recent discovery of compounds in 
which the metal serves as a donor toward molecular 
Lewis acids such as BF3, BH,, 02, S02, or tetracyano- 
ethylene. 

Nmr and infrared spectroscopy are important tools 
in the study of metal basicity. In  particular a large 
high-field nmr shift is characteristic of hydrogen at- 
tached to a transition metal.’ This technique is sen- 
sitive and in many instances is the only easy method 
to demonstrate the protonation of a metal. Diagnostic 
vibrational frequencies are provided by carbon mon- 
oxide and metal-halogen moieties, which are common 
in metal bases and Lewis acids, respectively. The 
CO stretching frequency, v(CO), increases when the 
electron density on the central metal atom decreases.* 

(1) G. Wilkinson, “Advances in The Chemistry of The Coordina- 
tion Compounds,” S. Kirschner, Ed., Macmillan, New York, N. Y., 
1961, p 50. 

(2) F. A. Cotton and G. Wilkinson, “Advanced Inorganic Chem- 
istry,” 2nd ed, Interscience, New York, N. Y., 1966, p 731. 

Thus, when a carbonyl-containing complex serves 
as a base, an increase in v(C0) is expected. Metal- 
halogen stretching frequencies are found to decrease 
when electron density on the metal atom increases. 
Therefore, when a metal (or metalloid) halide serves 
as acceptor, v(MX) should dec rea~e .~  

It can be anticipated that metal basicity will become 
an increasingly important concept because current 
vigorous activity in the synthesis of new low oxidation- 
state complexes will lead to new metal bases and 
because available spectroscopic tools allow convenient 
recognition of metal base interaction with Lewis acids. 
Already the concept has proved useful for systematiza- 
tion of the chemistry and properties of many com- 
plexes. This Account will outline these systematics 
with special emphasis on the interaction of metal 
complexes with molecular Lewis acids such as BF,, 
0 2 ,  and tetracyanoethylene. 

Met al-Pro ton Interaction 
Although carbonyl hydrides have been known for 

nearly 40 years, the thermodynamics of their proton 
dissociation has not been studied in detail because 
of the instability of these compounds. However, 
enough dissociation constant data are available to dem- 
onstrate some general trends. From Table I i t  is clear 
that basicity of the mononegative metal carbonyl anion 
decreases on going from Mn through Co, across the 
first transition metal period. Descending group VI1 
from HMn(C0)6 to HRe(C0)h leads to a large increase 
in basicity for the metal. Both of these trends are 
common in the basicity of transition metals toward 
a variety of reference acids but are the opposite of 
those found for main group bases. 

Substitution of other ligands for CO has a significant 
influence on the basicity of metal carbonyl anions. Lig- 
ands like phosphines, which are better (r donors and 
poorer n back-bonders than CO, increase the basicity 
of the metal. For example, it may be seen in Table I 
that HCO(CO)~P(C~H& has an acid dissociation con- 
stant about seven orders of magnitude lower than 
its parent, HCo(C0)d. Similarly, Fe(C0)4(P(C6H&) 
and Fe(C0)3(P(C6H&)2 appear to be more strongly 
protonated than Fe(C0)6 in acid media.6 

Protonation of a metal carbonylate leads to a large 
structural reorganization of the complex. For ex- 
ample, the vibrational data for Fe(C0)d2- and HFe- 

(3) R. H. J. Clark, Spectrochim. Acta, 21, 955 (1965); D. F. 
Shriver and M. 1’. Johnson, Inorg. Chem., 6, 1265 (1967); I. Wharf 
and D. F. Shriver, ibid., 8, 914 (1969). 

(4) A detailed discussion of transition metal hydrides is given 
by A. P. Ginsberg in “Transition Metal Chemistry,” Vol. 1, R. L. 
Carlin, Ed., Marcel Dekker, New York, N. Y., 1965, p 111. 
(5) A. Davison, W. McFarlane, L. Pratt,  and G. Wilkinson, J. 

Chem. Xoc., 3653 (1962). 
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Table I 
Acid Dissociation Constants and Shifts in v ( C 0 )  

for Some Metal Carbonyl Hydrides 

Compd Acid dissn constant A v ,  om-1 a 

HMn(C0)5 0 . 8  x 10-b Ca. 1 5 9 ~  
HzFe ( CO)4 4 x 10-5 ( ~ ~ ) d  1228 

4 x 10-14 ( K ~ )  
HCO(C0)I Ca. Id 1756 
HRe(C0)5 Very low, Ca. 950 
HCO(CO)J'(CF,H~)~ 1 . 1  x 10-d 

a v(CO),, for protonated form minus v(CO),, for the metal 
base. Where complete assignments are available the average 
is based on frequencies weighted according to their degeneracy. 
Approximate AV values may be in significant error because of in- 
complete datzt. Determined at 20": W. Hieber and G. Wag- 
ner, Z .  Naturforsch. B, 13, 339 (1958). 0 Data from ref 6 and 
P. S. Braterman, R. W. Harrill, and H. D. Kaesz, J .  Amer. Chem. 
SOC., 89, 2853 (1967). Determined at  17.5': W. Hieber and 
W. Hiibel, Z. Elektrochem., 57, 235 (1953). 8 Data from ref 6. 
1 W. Beck, SV. Kieber, and G.  Braun, 2. Anorg. Allg. Chem., 308, 
23 11961). Q Data from D. M. Adams, D. J. Cook, and R. D. W. 
Menmitt, J. ('hem. SOC. A ,  1067 (1968), and Braterman, et al.0 

(eo),- suggest a rearrangement from tetrahedral to 
trigonal-bipyramidal symmet'ry (eq 1).6 Similarly, vi- 

Td 

brational data for l ln(C0)j-  and diffraction data for 
the corresponding hydride suggest a transformation 
from a trigonal-bipyramidal to an octahedral complex 
(eq 2).6f7 By contrast, main group bases generally 

0 0 

D, h 

undergo relatively little change in geometry upon pro- 
tonation (eq 3). This difference may be attributed 

H+ 

to the low stereochemical activity of lone electron 
pairs in transition metal complexes, presumably be- 

(6) The vibrational data of Edgell, et d., and Stammerich, et d., 
have been discussed by D. M. Adams, "Metal-Ligand and Related 
Vibrations," Edward Arnold, London, 1967, p 85 ff. 

(7) S. J. LaPlaca, W. C. Hamilton, J. A. Ibers, and A.  Davison, 
Inorg. Chem., 8, 1928 (1969). However, in contrast t o  the usual ob- 
servation of hydrogen occupying a coordination site, R .  W. Baker 
and P. Pauling, Chem. Commun., 1495 (1969), find no obvious co- 
ordination site for H in RhH(P(CsHa)3)a. 
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cause the multilobed d orbitals are adaptable to a 
variety of geometries. 

As expected from the discussion given in the in- 
troduction, vibrational data consistently show a large 
increase in average CO stretching frequency upon pro- 
tonation of metal carbonyl anions (Table I) (eq 4, for ex- 

CO(C0)r- + H +  = HCo(CO)( (4 ) 
v(CO),, = 1892 cm-' v(CO),, = 2067 cm-l 

ample). Aside from the phosphine-substituted metal 
carbonyls, which have already been mentioned, metal 
basicity is displayed by other substituted carbonyls 
and carbonylates. A cross section of these bases is 
presented in Table 11. 

Table I1 
Some Substituted Metal Carbonyl Bases 

Metal base 

(r-Ct,Ht,)Cr(CO)a- d 

(n-CsHt,)?vlo(CO)s- d 

(r-CsHs)W (C0)3- 

(cpy1id)Cr (CO),p 
(cpylid)Mo( CO),. 
(cpy1id)W (CO)3~  

(n-Ct,Hs)Fe(CO)z- 
(rr-C6Hs)Cr(CO )3' 

(T-C~H~)RU(CO)~-  

T M - H ~  

15.46 
15.52 
17.33 
11.93"rj 
15.09 
15.34 
17.15 
13.55 
21.91d 
20. 92d 

A u ( C O ) , ~  
om-' BaaicityC 

Medium 
160 Medium 
158 Medium 

Weak 
142 Weak 
143 Weak 
143 Weak 

Weak 
Strong 
Strong 

a Proton nmr for protonated form of metal base. b v(CO)., 
for protonated form minus v(CO),, for metal base. In  these 
averages, frequencies are weighted according to their degeneracy. 
e Strong = protonated by water; medium = protonated by 
aqueous acetic acid; weak = protonated by BFa.Ht0 or similar 
acid medium. d A. Davison, J. A. McCleverty, and G. Wilkin- 
son, J. Chem. SOC., 1133 (1963). e Diprotonated species. Ref- 
erence 5. # Reference 41; cpylid = (CaHt,)aPCsH4. 

It was first shown by the protonation of biscyclo- 
pentadienyl complexes that carbon monoxide is not 
an essential ligand in basic metal complexes. For 
example, ( a-CjHe)zNoHz, ( a-Ct,H&WHz, and (r-CsH6)2- 
ReH are easily protonated, and the iron group metal- 
ocenes are protonated in strong acids, such as BF,. 
Hz0.8,s The difference in basicity is attributed to 
the greater interaction of metal electrons with the 
cyclopentadienyl rings in ferrocene-like systems than 
in the hydrides where the hydrogen ligands force the 
rings into a canted array.loall 

A number of metal-metal-bonded carbonyl de- 
rivatives are known to protonate.5 In  one of these 
systems, (CO)5Cr-H-Cr(CO)s-, there is an indication 
from the symmetry, as determined by X-ray diffrac- 
tion, that a linear Cr-H-Cr bridge is involved.12 This 
may be regarded as a linear version of the three-center 

(8) M.  L. H. Green, J. A. McCleverty, L. Pratt,  and G. Wilkinson, 

(9) T .  J. Curphey, J. 0. Santer, M. Rosenblum, and J. H. Richards, 

(10) C. J. Ballhausen and J. P. Dahl, Acta Chem. Scand., 15, 1333 

(11) M. Gerloch and R. Mason, J .  Chem. SOC., 296 (1965). 
(12) L. B. Handy, P. M. Treiohel, L. F. Dahl, and R. G. Hayter, 

J .  Chem. Soc., 4854 (1961). 

J .  Amer. Chem. Soc., 82,5249 (1960). 

(1961) ; H. L. Lentzner and W. E. Watts, Chem. Commun., 26 (1970). 

J .  Amer. Chem. Soc., 88, 366 (1966). 
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two-electron bond common in boron hydride chemistry. 
Consideration of tungsten hydrogen coupling in the 
nmr of (T-C~H&W~(CO)&+, (T-C~H~)~MOW(CO)~H+, 
W2(CO)loH-, and MoW(C0)laH- led to the con- 
clusion that the proton in these systems may reside 
in either a bent or linear M-H-M arrangement,la* 
and some preference may be given to the linear con- 
figuration in view of the linear Cr-H-Cr bond men- 
tioned above. However, a recent nmr study shows that 
the nmr results alone do not exclude structures involv- 
ing a terminal hydrogen bonded to one of the metals.13b 

The trinuclear rhenium hydride, H3Re3(C0)12, and 
its partially deprotonated forms, H2Rea(CO)l2- and 
HRe3(C0)122-, provide further examples of M-H-M 
bonding which are substantiated by good physical 
evidence. For the mononegative anion X-ray diffrac- 
tion and vibrational data indicate the structureI4 

(CO), 
H;,:?<;;H 

(CO),Re-Re( CO), 

From the standpoint of an acid-base interpretation, a 
more complicated example than those considered above 
is afforded by “oxidative addition” of an acid to a 
coordinatively unsaturated complex (eq 5,  for example). 

This reaction may be viewed as the interaction of a 
metal with both an acid, H+, and a base, X-. How- 
ever, Vaska discussed the reactions in terms of metal 
basicity, l5 which implies that the metal-proton in- 
teraction is dominant. A good illustration of the 
correctness of this view is afforded by a recent study 
in which i t  was shown that the extent of the reac- 
tion HOOCR + IrCI(C0) (P(CH8)2C6H5)2 HIrCl- 
(CO) (P(CH3)2C6H~)200CR increases as the acidity 
of the carboxylic acid increases.’& If the dominant 
mode of interaction were between carboxylate and 
Ir, one might expect the weakest acid to coordinate 
the most strongly. The utility of the metal base 
concept in systematizing many other oxidative addi- 
tion reactions is extensively reviewed elsewhere. 17,18 

Metal-Lewis Acid Interaction13* 
Heavy metal salts of metal carbonyl anions have 

been known for over 40 years. These may be regarded 
as metal base-metal acceptor complexes, an inter- 
pretation which is substantiated by the increase in 

(13) (a) J. C. Kotz, and D. G. Pedrotty, Organometal. Chem. Rev., 
Sect. A ,  4,479 (1969); (b) G. M. Whitsides and G. Maglio, J. Amer. 
Chem. SOC., 91,4980 (1969). 
(14) M. R.  Churchill, P. H. Bird, H. D. Kaesz, R .  Bau, and B. 

Fontal, ibid., 90,7135 (1968). 
(15) L. Vaska and J. W. DiLuzio, ibid., 84, 679 (1962). 
(16) A. J. Deeming and B. L. Shaw, J. Chem. SOC. A ,  1802 (1969). 
(17) L. Vaska, Accounts Chem. Res., 1,335 (1968). 
(18) J. P. Collman and W. R.  Roper, Advan. Organometal. Chem., 

7 ,  53 (1968). 

v(C0) from the carbonyl anion to the salt. Further- 
more, these compounds undergo many acid displace- 
ment reactions (eq 6 ,  for example). Another illustra- 

HzFe(C0)a + HgClz -+ Hg(Fe(COIa) + 2HCl (6) 

tion of simple base displacement is afforded by the 
partial dissociation of Zn (Co (CO) 4) 2, Cd (C o (CO) 4) 2, 

and H ~ ( C O ( C O ) ~ ) ~  in dimethylformamide solution.19 
This dissociation arises in part from competition be- 
tween the basic solvent and Co(C0)r- for coordination 
sites on the group I1 metal. As expected, the least 
dissociation takes place for the strongest acid-base 
combination, viz. Hg(Co(C0)r)z. Similarly, the tran- 
sition metal base CO(CO)~~-  may be displaced from 
Hg(Co(CO)4)2 by the main group base Br- (eq 7).19 The 

Hg(Co(CO)& + nBr- + HgBrn2-” + 2CO(CO)r- (7) 

reverse of this, nucelophilic displacement of a ligand 
by a metal complex, is a reaction of considerable utility, 
which may be applied to the synthesis of many metal- 
metal-, metal-metalloid-, and metal-carbon-bonded 
compounds.20-22 A few examples serve to illustrate 
the scope of this reaction 
Halide displacement from a metalloid2a 

(CeHdzBC1 + M ~ ( C O ) ~ P ( C B H & -  =+= 

DMF 

(CaH5)zB-Mn(CO)aP(C~Hs)a + c1- 

Halide displacement from a boron hydride24 

B6H8Br + Re(C0)5- 4 B ~ H s R e ( c 0 ) ~  + Br- 

Halide displacement from acetyl chloride22 

CHaCOCl + F ~ ( C O ) Z ( T - C ~ H ~ ) -  .+- 
C H ~ C O F ~ ( C O ) Z ( ~ T - C ~ H ~ )  + C1- 

Halide displacement from a meta120 

(CH3)zSnClz + 2Ir(C0)3P(C6H6)3- + 
(CH~)ZS~(I~(CO)~P(C~H~)~)Z + 2Cl- 

Carbon monoxide displacement26 

Cr(CO)6 + Mn(C0)6- @ (OC)5Cr-Mn(C0)5- + CO 

Tetrahydrofuran displacemenP 

Cr(C0)5.THF + (?r-CsH5)zWHz =+= 
(CO)sCrW(~-CsH5)zHz + THF 

Halide displacement, which is illustrated in the 
first four reactions, accounts for the bulk of the lit- 
erature reports of nucleophilic displacement by metal 
bases. While reactions of this type are generally dis- 
cussed in terms of simple one-step nucleophilic dis- 
placement, more complex mechanisms may be involved 
in some cases. For example, the reaction of C O ( C N ) ~ ~ -  

(19) J. M. Burlitch, J .  Amer. Chem. SOC., 91,4562, 4563 (1969). 
(20) M. C. Baird, Progr. Inorg. Chem., 9, 1 (1968); J. P. Collman, 

F. D. Vastine, and W. R. Roper, J. Amer. Chem. SOC., 88, 5035 
(1966). 
(21) N. S. Vyazankin, G. A. Razuvaev, and 0. A. Kruglaya, 

Organometal. Chem. Rev., Sect. A ,  3, 323 (1968). 
(22) R. B. King, Advan. Organometal. Chem., 2 ,  157 (1964). 
(23) H. Noth and G. Schmid, 2. Anorg. Allg. Chem., 345, 69 

(24) D. F. Gaines and T. V. Irons, Inorg. Chem., 7 ,  1041 (1968). 
(25) U. Anders and W. A. G. Graham, J .  Amer. Chem. SOC., 89, 

(26) B. Deubzer and H. D. Kaesz, ibid., 90, 3276 (1968). 

(1966). 

539 (1967). 
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with alkyl halides proceeds by a stepwise radical 
mechanism.*' 

CO(CN)~'- + RX + Co(CN)&X'- + R *  
Co(CN)s'- + Re + Co(CN)bR'- 

As with the protonation of carbonylate ions, most 
of these reactions involve a large rearrangement of 
the ligands attached to the metal base (eq 8, for ex- 

0 

C 
I 
111 

ample).6 In  a kinetic study, it was found that Co(1) 
in vitamin BlZs or cobaloxime, is the strongest known 
nucleophile.28 Another quantitative study shows that 
nucleophilicity increases as one descends groups VI 
and VII. Thus the second-order rate constant for 
reaction with methyl iodide follows the order: (T- 

C5H6)Cr(C0)3- < ( T - C ~ H ~ ) ~ I O ( C O ) ~ -  < (a-C6Hs)W- 
(CO)3-, and Mn(C0)j- < Re(C0)b-.29 However, 
for the iron-ruthenium pair in group VI11 the opposite 
trend is observed, since the second-order rate constant 
is nearly an order of magnitude larger for the reaction 
for (~-CsHs)Fe(C0)2- with CzHjBr than for the analo- 
gous reaction of ( T-C~H~)RU(CO)~-. This decrease 
in basicity upon going down the iron group has a 
parallel in the apparently greater basicity of (T- 

CsH&Fe than ( T - C ~ H ~ ) ~ R U  toward H +  as a reference 
acid. The log kz values for the above-mentioned dis- 
placement reactions give a good linear correlation 
with oxidation potentials of the transition metal nu- 
cleophiles. A correlation of this type is typical in 
main group chemistryO3O 

As already mentioned, many nucleophilic displace- 
ments may proceed via simple adduct intermediates 
or transition states, analogous to those written for 
S N ~  substitution on carbon. Therefore, the formation 
of simple adducts between metal bases and coordina- 
tively unsaturated Lewis acids such as mercuric halides 
or boron halides is closely related to the foregoing 
nucleophilic displacement reactions. The most 
thoroughly characterized example is provided by the 

(27) J. Halpern and J. P. Maher, J .  Amer. Chem. SOC., 87, 5361 

(28) G. N. Sohrauser, E. Deutsch, and R. J. Windgassen, ib id . ,  

(29) R. E. Dessey, R. L. Pohl, and R. B. King, ibid. ,  88, 5121 

(30) J. 0. Edwards, ibid., 76, 1540 (1954); 78, 1819 (1956). 

(1965). 

90,2441 (1968). 

(1966). 

complex between ( a-CjHs)Co(CO)z and HgCl2 which 
is known from an X-ray diffraction study to contain a 
Co-Hg bond and to have both chlorides associated 
with the mercury (Figure l ) . 3 1 t 3 2  In  keeping with 
the frequency shifts expected for donation of electron 
density from Co to Hg, the formation of this complex 
is accompanied by an increase of ca. 50 cm-' in v(C0) 
and a decrease of ca. 100 cm-l for the average v(HgC1). 
In  o-chloroaniline the affinity for (x-CbHs)Co(CO)z 
falls in the order HgClz > HgBr2 > HgIz. Another 
series of adducts may be formed each of which con- 
tains 2 mol of mercuric halide/mol of the cobalt com- 
plex. On the basis of far-infrared spectra it is thought 
that the second mole of mercuric halide is uncoor- 
dinated. 

Similarly, the reaction of mercuric chloride or bro- 
mide with (~-C~H~)Rl(diolefin) (11 = Co or Rh and 
diolefin = 1,5-cyclooctadiene or norbornadiene) yields 
1 : 1 c~mplexes.~' The Hg-C1 stretching frequencies 
of these are similar to those found for the cobalt car- 
bonyl derivative mentioned above, and thus i t  is 
likely that the adducts involve electron pair donation 
to mercury dihalide. 

The major problem in formulating structures for 
many of the mercuric halide complexes is whether 
or not the halide ion has been displaced. Classical 
approaches, such as conductance, are of limited utility 
because of the lability and/or low solubility of the 
adducts in suitable solvents. Another complication 
is the frequenct occurrence of adducts containing 2 
mol of mercuric halide/mol of transition metal base. 
For example, ( T - C ~ H ~ ) C O ( C ~ ) Z . ~ H ~ X ~ ,  which has 
already been mentioned, is thought to contain one 
uncoordinated HgX2, while (diphos)&Io(CO)z. 2HgC12 
has been formulated as [ (d iph~s)~Mo (CO)tHgCl+]- 
[HgCl,-]. 33  Despite these complications, there are 
several mercuric halide complexes in addition to (T-  

CSHs)Co (CO)Z. HgClZ which are reasonably described 
as simple adducts: (~-C~Hj)Rh(C0)2*HgC12,~~ (T- 

C12,35 and Fe(C0)3(P(C6Hj)3)2.HgC1~.36 The last 
of these is formulated as a simple adduct while the 
ruthenium and osmium analogs are 1 : 2 complexes for 
which the ionic structure [M(C0)3LzHgX+] [HgX3-] 
has been assigned. In  summary the mercury halide 
complexes may involve (1) complete displacement of 
halide to produce metal-mercury-metal bonds, (2) 
partial halide displacement to yield complexes of 
HgX+, or (3) retention of both halides to produce 
simple adducts of HgX2. While the data are still 
fragmentary, the strongest metal bases appear to pro- 
mote the first type of reaction and the weakest tend 
to favor the last. 

C ~ H ~ ( C H ~ ) ~ ) M O ( C O ) ~  * HgClz, 3 3  RhC1(1,5-CsHn)z * 2Hg- 

(31) D. J. Cook, J. L. Daws, and R. D. W. Kemmitt, J .  Chem. 

(32) I. M. Kowell and D. R. Russell, Chem. Commun., 817 (1967). 
(33) diphos = (C~H~)ZPCHZCHZP(C~H~)Z:  K. Edgar, B. F. G. 

Johnson, J. Lewis, and S. B. Wild, J .  Chem. SOC. A ,  2851 (1968). 
(34) J. L. Daws and R. D. W. Kemmitt, ibid., A ,  1073 (1968). 
(35) J. L. Daws and R. D. W. Kemmitt, i b i d . ,  A ,  2093 (1968). 
(36) See Adams, et  al., Table I, footnote 0. 

Soe. A ,  1547 (1967). 
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I o c  
Figure 1. The structure of (CaHa)Co(CO)z. HgCh.82 Weak 
coordination to the chlorides of adjacent molecules is indicated 
by dashed lines. 

Group I11 Lewis acids such as BF3 display relatively 
simple chemistry and therefore are excellent prototypes 
for Lewis acid-base interaction. For example, halide 
displacement is less common with BF3 than with mer- 
cury dihalides. The first reports of boron-metal adducts 
involve the formation of (n-C5H&WHz*BFa in our 
laboratory3' and the formation of Re(C0)b wBH3- 
and similar species by Par~hal l .~s  I n  both cases the 
parent metal bases are known to protonate. The 
analogous ( T - C ~ H ~ ) ~ M O H ~  and ( T - C ~ H ~ ) ~ R ~ H  also dis- 
play Lewis basicity toward boron halides, and in 
each case the characteristic decrease in B-X stretching 
frequency is observed upon adduct formation. While 
these boron halide adducts are insoluble in nonde- 
structive solvents, Brunner, Wailes, and Kaesz were 
able to study the more soluble aluminum trimethyl 
adducts, (n-CsH&WHz .Al(CH& and (a-C5H5)2ReH. 
Al(CH&, in ~olution,~O where the nmr results are most 
easily interpreted in terms of metal-metal adduct 
formation. 

Metal basicity was not observed for (T-C~H~)MO- 
(C0)3- or ( T-C~H~)W(CO)~- because of complicating 
side reactions.3g However, a related series of metal 
bases have been successfully investigated by Kotz 
and Pedrotty who found that basicity toward BF3 
increases in the order: (cpylid)Cr(C0)3 < (cpy1id)- 
Mo(C0)3 < (~pyl id)W(C0)3.~~ As expected, v(C0) 
is greatly increased on adduct formation and v(B-F) 
is decreased. These metal bases form stronger adducts 
with BC13 than BF3, which parallels the order of 
affinity found with main group bases. However, in 
contrast to main group bases biscyclopentadienyl metal 
hydrides and cpylid metal tricarbonyls fail to add BH3. 
The greater stability of BF3-metal bonds than BH3- 
metal bonds has its parallel in the generally increased 
stability of CF3-transition metal compounds over their 
CH3 analogs. 

The only report of metal-BH3 adducts is that of 
Parshall, who found that basicity toward BH3 like 
that toward the proton increases from manganese to  
rhenium, Mn(C0)5- < Re(C0)5-,a8 and decreases 

(37) D. F. Shriver, J. Amer. Chem. SOC., 85,3509 (1963). 
(38) G. W. Parshall, {bid., 86,361 (1964). 
(39) M. P. Johnson and D. F. Shriver, ibid., 88,301 (1966). 
(40) H. Brunner, P. C. Wailes, and H. D. Kaesz, Inorg. Nucl. 

(41) cpylid = (CBH~)~PCPHI:  J. C. Kotz and D. G. Pedrotty, J. 
Chem. Lett., 1, 125 (1965). 

Organometal. Chem., in press. 

from group VI1 to group VIII, Mn(C0)s- > CO(CO)~-. 
Another similarity is the increase in basicity toward 
BH3 upon substitution of triphenylphosphine for car- 
bon monoxide, viz,, Mn(C0)5- < M ~ ( C O ) ~ P ( C B H ~ ) ~ - .  
Coordination of the metal carbonyl anions to BH3 
has relatively little influence on the average v(C0). Ap- 
parently, electron density on the metal is not sub- 
stantially changed by adduct formation with BH3. 

The halides of aluminum, gallium, and indium are 
stronger Lewis acids than BHB and therefore they 
might be expected to form complexes with metal 
bases. However, as with mercury halides the dis- 
placement of halide ion occurs readily. For example, 
the reactions of Fe(C0)2- or Co(C0)r- with GaBr3 
or InBr3 reveal a delicate balance between simple 
adduct formation and nucleophilic displacement of 
halide.42 Ruff observed the formation of a simple 
adduct in reaction 9, whereas Patmore and Graham 

[((Ca&)aP)zNI [Co(CO),] + InBra + 
CHzCla 

[ ((Cd&)aP)zNl lCo(CO)4 InBrsl (9) 

had previously observed halide displacement when a 
different cation and solvent were employed (eq 

THF 
2Na[Co(CO)4] + InBra + 

I ~ B ~ ( C O ( C O ) ~ ) ~ . T H F  + 2NaBr 4 (10) 

Apparently the insolubility of NaBr in the latter re- 
action serves as a driving force for halide displace- 
ment. Interestingly, Fe(C0)k2-, which is more basic 
than Co(C0)4-, promotes halide displacement in a 
homogeneous system (eq l l) .42 A combination of 

Fe(CO)41nBr32- # Fe(CO)JnBrz- + Br- (11) 

even greater metal basicity and insolubility of NaCl 
may account for the displacement of C1- from GaC4 
by NaMn(C0)e (eq 12).44 I n  keeping with the in- 

GaCls + NaMn(C0)G -+ THF 

Mn(CO)6GaC1Z+THF + NaCl4 (12) 

terpretation of these reactions in terms of transition 
metal basicity, complex formation with the group 
I11 halide is accompanied in all cases by a significant 
increase in v(C0). 

Square-planar d8 complexes are attractive for metal 
basicity studies because of the open coordination sites 
and available electron density in the d,,, d,,, and 
d,, orbitals 

The oxidative addition of H X  to Vaska's compound 
has already been mentioned in this connection. Early 
studies on the interaction of square-planar Ni(I1) com- 

(42) J. K. Ruff, Inorg. Chem., 7 ,  1499 (1968). 
(43) D. J. Patmore and W. A. G .  Graham, ibid., 5, 1586 (1966). 
(44) S. Onaka, T. Iwamoto, and Y .  Sasaki, Bull. Chem. SOC. Jap., 

41,1033 (1968). 
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plexes with Lewis acids led to reactions with the ligands 
but not the meta1.45,46 However, more recent studies 
on Rh(1) and Ir(1) square-planar complexes demon- 
strate the formation of metal-boron a d d u ~ t s . ~ ' - ~ ~  One 
of these complexes, Vaska's compound IrCl(C0) (P- 
(COH6)3)2, has been studied in some detail. 

Vaska's compound forms both 1 : 1 and 1 : 2 adducts 
with BF,. The former appears to be a simple Ir-BF3 
adduct since its formation results in a 100-cm-' in- 
crease for v(C0) and a decrease in v(BF3). At room 
temperature the dissociation pressure of BF3 above 
the adduct is quite low, but main group bases such 
as triethylamine will displace BF3 from the metal. In  a 
study of homogeneous equilibria between various phos- 
phine-substituted analogs of Vaska's compound and 
B(C6F&, it was found that the most basic phosphine 
ligands produce a larger formation constant. It is 
likely that inductive effects are responsible for this 
increase in basicity; however, steric factors may also 
play a role since the most basic phosphines were also 
the least bulky.49 

Of particular interest are parallels which may be 
drawn between the 1 : l  BFB adducts of Vaska's com- 
pound and a variety of other molecular adducts. When 
v(C0) is plotted against electron affinity, EA, for 
the added molecules, 0 2 ,  S02, tetracyanoethylene, and 
BF3, a monotonic and nearly linear increase of v(C0) 
with increasing EA is observed. 48 This correlation, 
which encompasses both the free parent IrCl(C0) (P- 
(C6H5)3)2 and its BF3 adduct, indicates that the pre- 
dominant mode of interaction is metal-to-ligand donor- 
acceptor interaction for all of the molecules. 

Similarly, much of the chemistry for simple adducts 
of Vaska's compound may be understood in terms 
of the strongest acceptors forming the most stable 
a d d u ~ t s . ~ 7 ~ ~ * ~ ~ 9  For example, O2 and SO2, which have 
low electron affinities and are poor acceptors toward 
main group bases, form adducts with relatively high 
dissociation pressures, while the stronger Lewis acid 
BF3 does not display a noticeable dissociation pres- 
sure. Another example is afforded by the greater 
affinity of Vaska's compound for C2F4 than C2H4. 

Structural data also agree with the metal-base model 
for these compounds. For example, SO2 is attached 
so that the normal to the plane of the SO2 makes a 
32" angle with the S-Ir bond.50 This geometry may 
be rationalized by invoking an approximately sp3-hy- 
bridized vacant acceptor orbital on s u l f ~ r . 5 ~ J ~  In  
agreement with this explanation, the trimethylamine- 
SO2 adduct, which must involve nitrogen-to-sulfur elec- 

(45) G. N .  Schrauzer, Ber., 95,  1438 (1962). 
(46) D. F. Shriver, J .  Amer. Chem. Soc., 8 4 ,  4610 (1962); 8 5 ,  1405 

(47) P. Powell and H. Noth, Chem. Commzm., 637 (1966). 
(48) R. N.  Scott, D. F. Shriver, and L. Vaska, J .  Amer. Chem. 

Soc., 90, 1079 (1968); D. F. Shriver, M .  P. Johnson, R. N. Scott, and 
J. F. Jackovits, Proc. Int. Conf. Coord. Chem., gth, 248 (1966). 

(49) R. N .  Scott, D. F. Shriver, and D. Lehmsn, Inorg. Chim. 
Acta, in press. 

(50) S. J. La Placa and J. A.  Ibers, Inorg. Chem., 5 , 4 0 5  (1966). 
(51) D. J. Hodgson and J. A.  Ibers, ibid., 7 ,  2345 (1968). 
(52) K. W. Muir and J. A. Ibers, ibid., 8 ,  1921 (1969), find a 

(1963). 

similar geometry for the rhodium analog. 

tron donation, is found to have a 22" angle between the 
normal to the SO2 plane and the K-S b0nd.5~ Simi- 
larly a bent Ir-NO bond was found in IrCl(CO)(P- 
(c6H5)3)2'??0+ and was explained in terms of I r  + 

NO+ bonding.5' In  both SO2 and YO+ adducts a 
slight reorganization of the metal base system is ob- 
served upon adduct formation. For example, in the 
NO+ adduct the N-Ir-C1 and N-Ir-C bond angles 
are distinctly greater than 90" (101 and 97") respec- 
tively) . 5 l  

The multicenter Lewis acids, 0 2  and tetracyano- 
ethylene, exhibit significant increases in 0-0 and 
central C-C bond lengths upon coordination to Ir- 
(I).S4-s6 This bond lengthening is expected for the 
donation of electron density into a* orbitals of these T 

acids. However, an increase in bond length does 
not prove the metal base model since ligand-to- 
metal donation would give a similar results. As may 
be seen in Figures 2 and 3, these multicenter Lewis 
acids cause significant reorganization of the square- 
planar IrX(CO)L2 moiety. 

Early discussions of the bonding in substituted 
ethylene, 0 2 ,  and SO2 adducts have stressed dualistic 
bonding models in which electron donation from the 
ligand and back n bonding to the ligand are both 
important. The prototypes of such bonding de- 
scriptions are those applied to C0,j7 ethylene,58sb9 and 
0 2 6 0  complexes. However, as outlined above, the 
Ir(1) and Rh(1) complexes appear to bond primarily 
as donors to C2(CN),, 02, and SO2 molecules, and i t  
is probable that this is the best first approximation 
to the bonding of these molecules with other low- 
oxidation-state metals. 

In  a broader sense, ligands such as HzO and YH3 
are donors, PF3, CO, and CzH4 simultaneously exhibit 
both donor and acceptor interaction, and H+  and 
BF3 are pure acceptors. There are no sharp distinc- 
tions between these classes, and the best category 
for a ligand may vary with the electronic structure 
of the central metal atom. It is to be expected that 
metals in low oxidation states will be the most basic 
while those in higher oxidation states will have in- 
creased acid character. In  keeping with this idea, 
the Ru(II)-S02 skeleton has been found to be planar, 
presumably owing to the favorable situation this 
creates for both u donation and back P bonding.8' 

In  contrast to the formation of a stable BF3 adduct, 
Vaska's compound does not have an appreciable 
affinity for BH3. Since a similar preference of other 

(53) D. Vander Helm, J. D. Childs, and S. D. Christian, Chem. 
Commun., 887 (1969). 

(54) S. J. La Placa and J. A.  Ibers, J .  Amer. Chem. Soc., 87,  2581 
(1965). 

(55) J. A. McGinnety and J. A.  Ibers, Chem. Commun., 235 
(1968). 
' (565 L. ManojlovibMuir, K. W. Muir, and J. A .  Ibers, Discuss. 
Faraday Soc., 4 7 , 8 4  (1969). 

(57) L. Pauling, "Nature of The Chemical Bond," 2nd ed, Cornell 
University Press, Ithaca, S .  Y.,  1948, p 251. 

(58) M. J.  S. Dewar, Bull. Soc. Chi&. Pr., 18, C71 (1951). 
(59) J. Chatt and L. A.  Duncanson, J .  Chem. Soc., 2939 (1953). 
(60) J. S. Griffith. Proc. Rov. Soc.. Ser. A .  235.23  (1956). 
(6 l j  L. H. Vogt, Jr., J. L. Katz, and S. k. Wiberiey, fnoig. Chem., 

4,  1157 (1965). 
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Figure 2. The structure of IrClCO(P(CeH&)2 OZ." For 
clarity only the first coordination sphere is shown. XI and X Z  
represent CO and C1 which could not be distinguished because 
of disorder. 

metal bases for the hard Lewis acid, BF3, has been 
noted previously in this Account, it might be inferred 
that these metals are hard bases.62 However, this 
interpretation is confused by the high affinity of Ir(1) 
and Rh(1) for tetracyanoethylene and similar soft 
acids. Apparently the hard-soft classification is less 
useful with this transition metal base than with main 
group bases. 

The rhodium analog of Vaska's compound, RhClCO- 
(P(CSH&)2, has a low affinity for BF3 but forms a 
stable BC13 a d d u ~ t . ~ ~ , ~ ~  This order of stability is 
well established with main group bases, toward which 
BC13 is the stronger acid. In  line with its low affinity 
for BF3 the rhodium complex does not add 02. The 
increase in basicity from Rh(1) to Ir(1) follows the 
usual trend going down a transition metal group. 

Finally, multicenter metal bases deserve mention 
even though their chemistry is not well developed. 
In  1958 Chini and Ercoli observed the formation of 
Coz(CO)a.AIBr3 and postulated a three-center inter- 
action in which the aluminum accepts electrons from 
the metal-metal bond.63 Detailed studies are ham- 

C o - p o  
A1 
Br, 

pered by the high reactivity of this compound; how- 
ever, the infrared spectrum is reported64 to be similar 
to that of the COZ(CO)~ parent. 

Recent work on [ ( ~ - C ~ H ~ ) F ~ ( C O ) Z ] Z  and [(a-CsHs)- 
Fe(C0) l4 with boron halides has revealed several sys- 
tems which may involve metal-metal bonds serving 
as donors. For example, the reversible formation of 
[(?r-C5H5)Fe(C0)2l2. BF3 coupled with the increase in 
v(C0) and decrease in v(BF3) indicate a metal base 
system.e5 Several more stable adducts have been iso- 
lated : [ (a-C5H5)Fe(C0)2]2 BC13, [ ( a-CsHs)Fe(CO) 14 

2BF3, and [(T-C~H~)F~(CO)]~.~BC&.~~ In  addition to 

(62) R. G. Pearson, Science, 151, 172 (1966). 
(63) P. Chini and R. Ercoli, Gazz. Chim. Ital., 88, 1170 (1958). 
(64) F. A. Cotton and R. R. Monchamp, J. Chem. Soc., 1882 

(65) K. Triplett, unpublished observations, Northwestern Uni- 
(1960). 

versity. 

Figure 3. The structure of IrCiCO(P(CeHs)&. C2(CN)a.65 
Phenyl groups are omitted for clarity. 

the usual vibrational characterization, molecular weight 
data for the BCG complexes agree with the simple 
metal base formulation; however, a definite statement 
concerning the bonding in these complexes must await 
the completion of current X-ray diffraction studies. 

Conclusions 
Metal basicity is a useful concept for systematiza- 

tion of the chemistry and vibrational spectra of many 
low-oxidation-state metal complexes in combination 
with ligands such as H+, BF3, 02, and tetracyanoeth- 
ylene. Many similarities are observed with main group 
bases, and the following generalizations apply. (1) 
Low oxidation states promote metal basicity. Of the 
examples considered in this review the majority can 
be assigned 1+, 0, or negative oxidation state. (2) 
Electron-donating ligands increase metal basicity. The 
most frequently encountered examples involve re- 
placement of CO by a phosphine, with a resulting 
increase in metal basicity. (3) Transition metal ba- 
sicity generally increases going down a group. This 
trend is the opposite of that found for main group 
bases. Some iron group bases are exceptions to this 
rule, and other exceptions may be uncovered in more 
thorough research on metal basicity. (4) Significant 
structural changes frequently occur upon Lewis salt 
formation. Examples include the gross changes in 
geometry which occur upon protonation or heavy metal 
complexation of metal carbonyl anions and structural 
changes in Vaska's compound associated with the 
addition of 02 or tetracyanoethylene. 

Intensive study of low-oxidation-state transition 
metal complexes is very recent. Therefore it can 
be anticipated that the concept of metal basicity will 
continue to increase in importance as more of these 
potential metal base systems are discovered. The 
structural and (vibrational) spectroscopic implications 
of metal basicity are fairly well understood, but mech- 
anistic implications have received little attention, and 
this area seems ripe for development. For example, 
the concept should prove useful in many oxidative 
and simple substitution reactions, similar to the known 
substitution of SO2 for C2H4 in a Rh(1) ~omplex.~' Also, 

versity. 
(66) N. Nelson, unpublished observations, Northwestern Uni- 

(67) R. Cramer, J. Amer. Chem. SOC., 89,5377 (1967). 
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Lewis salts may be important as intermediates or 
transition states in catalytic reactions. example 
in this ‘s the Of ’’ exchange with 
Fe(C0)4P(C6Hs)s via an acidic medium.@ 

(1964). prints of his work. 
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Long ago it was found that a variety of crystalline, 
inorganic solids were capable of slowly releasing stored 
energy in the form of visible light after irradiation in 
the visible or ultraviolet region or at the much higher 
energies of X-rays and y-rays. These solids came to be 
known as crystal phosphors or simply “phosphors.”l 
Not only do such sensitized solids exhibit afterglow, but 
they can also be photoconductive. Furthermore, the 
release of the stored energy can be variously hastened or 
retarded by the application of stimuli such as heat, in- 
frared light, or electric fields. The modern theory of 
ordered solids, including impurity centers or defects, 
manages to embrace this class of crystalline materials 
quite successfully. What is quite remarkable is that 
over the past decade or so there has emerged a class of 
amorphous, organic solids having properties almost 
identical with those of the inorganic crystal phosphors. 

These organic solids normally consist of simple dilute 
organic solutions which are converted to  a rigid but 
noncrystalline state by cooling. Alternatively, polym- 
erization into a rigid state is possible. Sensitization 
can be accomplished, as before, by high-energy irradia- 
tion or by photoexcitation. I n  the former case it is 
principally the solvent molecule which captures the 
energy, simply because it constitutes the bulk of the ma- 
terial. Photoexcitation is much more selective and 
occurs via the solute molecule whose spectrum normally 
appears at wavelengths to the red of the solvent absorp- 
tion. In  either case it seems that a large amount of the 
energy is stored through ionization or the separation of 
charges within the solids (an internal photoelectric 
effect) . 

The recombination of charges can lead to excited 
electronic states which may decay by radiative means 
giving rise to the “afterglow” of organic phosphors. 
Usually the afterglow is a luminescence characteristic 
of the solute molecule. Even in the case where the 
solvent is the primary absorber, solute emission can be 

(1) For a aurvey of the field of inorganic, crystalline phosphors a 
useful reference is P. Pringsheim, “Fluorescence and Phosphores- 
cence,” Interscience Publishers, New York, N. Y. ,  1949, Chapter VII .  

seen because positive “holes” in the solvent are often 
mobile. When these are captured by the neutral solute 
molecule, the sensitized solid becomes similar to  that in 
which the solute molecule is directly photoionized. 

As we have indicated, these sensitized organic solids 
exhibit the full array of phosphor-like properties. 
These include photoconductivity, thermoluminescence 
(recombination luminescence seen upon heating) , 
photostimulated emission (enhanced recombination 
luminescence through infrared or visible illumination) , 
and electric stimulation (perturbation of the recombina- 
tion luminescence by an externally applied electric 
field). The afterglow itself, seen at  a given, fixed tem- 
perature, is conveniently called isothermoluminescence 
(ITL). 

A nomenclature for these phosphor-like properties 
has developed which attempts to distinguish the two 
types of primary energy storage steps. Thus, when the 
activation step is by high-energy irradiation, the term 
“radio” appears somewhere in the name, whereas with 
visible or ultraviolet illumination, “photo” is used. 
Unfortunately, consistent rules have not been applied. 
Thus “radiophotoluminescence” is a luminescence re- 
leased by photostimulation of a solid which has been 
previously sensitized by high-energy radiation. On the 
other hand electrophotoluminescence is the lumines- 
cence seen when an electric field is applied to a solid 
previously sensitized by ultraviolet illumination. Were 
the solid sensitized by high-energy irradiation one could 
use the term electroradioluminescence. 

A number of laboratories have been active in study- 
ing the phosphor-like properties of irradiated organic 
solids (including polymers) during the past decade. 
In our own laboratory, we have been preoccupied with 
what we feel is a prototype rigid organic solution. The 
system consists of a solution of M N,N,N’,N’,- 
tetramethyl-p-phenylenediamine (TMPD) in the sol- 
vent 3-methylpentane (3-MP) at  77°K. Our interest 
in this system arose from the early work on polarized 
photoionization (photodichroism) of rigid organic solu- 
tions carried out in the laboratories of Lewis at Berkeley 
in the 1940’s. 


