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Table I. Percentages of Neutral Losses from CID of RhC7H8
 + 

Complexes Accelerated to 20-eV Kinetic Energy0,6 

neutral 
losses Rh(C,H 8 ) + c Rh(CH3Ph)+ d Rh(c-C7H s)

+ d 

H2 

C2H2 

H 2 + C 6 H 6 

C7H8 

25 

57 
18 

28 

56 
16 

24 
18 
56 

2 
a Argon used as target at ~5 X 10"6 torr. 6 CID interaction 

time of 30 ms. e RhC7H8
+ generated from reactions 2 and 3. 

d Generated by displacement of ethylene from RhC2H4
+ by 

toluene and cycloheptatriene. 

observed.3 Benzene undergoes a condensation reaction with RhC+ 

generating exclusively RhC7H6
+ (process 5). CID of this product 

RhC+ + C6H6 -* RhC7H6
+ (5) 

yields exclusively RhC+ with no Rh+ produced suggesting for
mation of the carbide-benzene complex 2. Furthermore, the 
product of reaction 5 does not add hydrogen, clearly eliminating 
the formation of structure 2 in reaction 1. 

CID results indicate that the hydrogenated RhC7H8
+ products, 

formed in reactions 2 and 3, have the same structure. In addition 
their CID spectra are identical (same peaks, intensities, and energy 
dependence within experimental error) with those for Rh(CH3Ph)+ 

formed by ligand displacement reactions and distinguishable from 
CID of Rh(c-C7H8)

+ (Table I). Hence, hydrogenation of 
RhC7H6

+ generates formally a Rh(CH3Ph)+ complex. CID of 
RhC7H6

+, generated by reaction 1 with toluene-«-13C, produces 
Rh-12C+ and Rh-13C+ in roughly a 6:1 ratio indicating nearly 
complete scrambling. This could arise if complexes 1 and 3 are 
in equilibrium. Lending some support to this possibility is the 
fact that phenylcarbenes have been found to undergo facile re
versible rearrangement to cycloheptatrienylidenes in the gas phase 
at 250-600 0C14 and have been treated theoretically.15 One can 
rationalize that structure 3 may be undergoing H/D exchanges 
while hydrogenation of the phenylcarbene complex, 1, produces 
the toluene complex. 
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(14) (a) Baron, W. J.; Jones, M.; Gaspar, P. P. J. Am. Chem. Soc. 1970, 
92, 4739. (b) Hedaya, E.; Kent, M. E. Ibid. 1971, 93, 3283. (c) Jones, W. 
M.; Joines, R. C; Myers, J. A.; Mitsuhashi, T.; Krajca, K. E.; Waali, E. E.; 
Davis, T. L.; Turner, A. B. Ibid. 1973, 95, 826. 

(15) (a) Dewar, M. J. S.; Landman, D. J. Am. Chem. Soc. 1977, 99, 6179. 
(b) Radom, L.; Schaefer, H. E.; Vincent, M. A. Nouv. J. Chim. 1980, 3, 411. 
(c) Waali, E. E. J. Am. Chem. Soc. 1981, 103, 3604. 
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That cyanide can stabilize the zero oxidation state in transi
tion-metal complexes has been evident for over 40 years.1,2 

(1) Eastes, J. W.; Burgess, W. M. J. Am. Chem. Soc. 1942, «,1187-1189. 

However, little is known concerning the reactivity of such com
plexes. Perhaps the primary barrier to the development of the 
chemistry of M(CN)/" complexes has been their solubility 
properties. These complexes are isolated as potassium salts, which 
are completely insoluble in all nonreactive solvents. The same 
is often true of the ionic reaction products. For example, K4-
Ni(CN)4

1 in acetonitrile suspension reacts with PhC=CPh as 
evidenced by a color change of the suspended solid. Examination 
of the product reveals that only a surface layer of K4Ni(CN)4 has 
reacted with the acetylene. 

We now report a general strategy for dealing with this problem, 
which has enabled the fust synthesis of organonickel cyanides from 
K4Ni(CN)4. 18-Crown-6 (1) has a profound influence on the 
course of several chemical reactions involving K4Ni(CN)4, in spite 
of its ineffectiveness as a solubilizing agent for K4Ni(CN)4 in 
MeCN.3 Diphenylacetylene (1 equiv) reacts with K4Ni(CN)4 
(1 equiv) in the presence of 1 (2 equiv) with CH3CN or THF as 
solvent to give the novel blue-violet complex (K+-I)2[Ni(CN)2-
(PhC=CPh)] (2) (50%) (eq 1). Complex 2 itself does not react 

K4Ni(CN)4 + PhC=CPh 
CH3CN, 1 

(K+-I)2[Ni(CN)2(PhC=CPh)] (1) 
2 

with excess PhC=CPh nor are any organic products evident under 
the conditions examined thus far. IR and 1H and 13C NMR data 
are supportive of an alkyne symmetrically bound to a Ni(CN)2

2" 
moiety.4 Compound 2 is the first organometallic complex (ex
cluding carbonyls) to be prepared directly from K4Ni(CN)4. It 
is also the first member of the (alkyne)NiL2 class where L = CN" 
and the first anionic member.5 

Efforts to extend this approach to other potential ligands re
vealed another aspect of the reactivity of K4Ni(CN)4. While H2, 
CO2, 1,3-butadiene, and 1,5-cyclooctadiene all failed to give ev
idence of complex formation, consumption of K4Ni(CN)4 in a slow 
reaction with MeCN was noted. The nature of this reaction was 
illuminated by the observation that benzaldehyde reacted under 
these conditions to give an unexpected product: 

PhCHO + K4Ni(CN)4 + CH3CN 
CH3CN, 40% 

[(^-PhCH=CHCN)Ni(CN)2](K-I)2 (2) 
3 

The spectral evidence for the nature of 3 is straightforward62 and 
closely parallels that for the related NiL2(CH2=CHCN)6b and 
((^)-PhCH=CHCN)Co(CN)4

3"6c complexes. The identity of 
3 is confirmed by the observation that it can be prepared directly 
from (E)-cinnamonitrile by using the same crown ether method. 
The apparent implication of reaction 2 is that the K4Ni(CN)4 + 
1 combination is a strong enough base to deprotonate acetonitrile 
(p£a ~31)7 to an appreciable extent. By contrast, "normal" 

(2) Hieber, W.; Bartenstein, C. Z. Anorg. AUg. Chem. 1954, 276, 12-19. 
Heintz, E. A. J. Inorg. Nucl. Chem. 1961, 21, 262-264. 

(3) Crown ethers have found wide application as solubilizing agents for 
alkali metal salts in aprotic solvents, but their effectiveness with hydrophilic, 
polyvalent anions is limited: Montanari, F.; Landini, D.; Rolla, F. Top. Curr. 
Chem. 1982, 101, 149-200. 

(4) IR (Nujol mull) 2069 (s, KC-N). 2053 (s, <*o_N), 1753 (m, br, KC-C), 
1731 (m, br, KC=C), 1583 (s, ^c-C(Ph)); 1H NMR (CD3CN) S 7.84-6.84 (m, 
10 H), 3.60 (s, 48 H); 13C NMR (CD3CN) S 140.6 (CN), 137.9 (C=C), 
128.9, 127.6, 123.2, 123.0 (Ph), 70.1 (18-crown-6). Anal. (C40H58N2O12-
K2Ni) C, H, N, Ni. 

(5) An analogous reaction occurs with 3-hexyne, but the product has 
proven to be too unstable to fully characterize although apparently analogous 
by IR. Reaction with phenylacetylene does not appear to be analogous and 
as yet has not yielded tractable materials. 

(6) (a) IR (Nujol mull) 2161 (s, [C=C]C=N), 2081 (s, [Ni]C=N), 
2069 (s, [Ni]C=N), 1590 (s), 1569 (w), 1H NMR (CD3CN) & 6.90 (s, Ph), 
3.62 (s, 18-crown-6), 2.68 (d, J = 9.75 Hz, HPhC=), 1.60 (d, J = 9.75 Hz, 
=C(CN)H); 13C NMR S 150.6 (NiCN), 128.9, 127.8, 124.1, 119.8 (Ph), 
114.1 (nitrile CN), 70.2 (18-crown-6), 40.1 (PhHC=), 25.1 (=C(H)(CN)). 
(b) Tolman, C. A.; Seidel, W. C. J. Am. Chem. Soc. 1974, 96, 2774-2780. 
Tolman, C. A.; English, A. D.; Manzer, L. E. Inorg. Chem. 1975, 14, 
2353-2356. (c) Funabiki, T.; Hosomi, H.; Yoshida, S.; Tarama, K. J. Am. 
Chem. Soc. 1982, 104, 1560-1568. 
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oxidation state cyanometallates are quite weak bases; e.g., the 
dissociation constant for HFe(CN)6

3- in water8 is ~7 X ICT5. We 
see this as clear evidence for the transfer of electron density from 
the metal to the cyanide ligands via x-backbonding, with a re
sultant increase in the basicity of the cyanide. 

Crown ether mediated reactions of K4Ni(CN)4 in THF appear 
to be slow and incomplete although uncomplicated by solvent 
reactions. The reaction with diphenylacetylene in THF is very 
slow, yielding only a few percent of product in the time that the 
same reaction in MeCN goes to completion.9 Benzaldehyde in 
THF gives a small amount of a blue-green complex that has so 
far proven to be too unstable to characterize. 

The crown ether strategy permits carrying out in aprotic organic 
solvents reactions of low-valent cyanonickelates that previously 
required liquid ammonia as a solvent. Thus reactions of CO with 
K4Ni(CN)4

11 or K4Ni2(CN)6
12 proceed smoothly in MeCN in the 

presence of 1, to give products analogous to those previously 
obtained; the reaction of K4Ni(CN)4 •+• 1 with triphenylphosphine 
in MeCN also duplicates the literature report.13 

K4Ni(CN)4 + XS CO + 1 - ^ * 
(K-I)2Ni(CN)2(CO)2 + (K-I)CN (3) 

K4Ni2(CN)6 + XS CO + 1 J^L 
(K-I)2Ni(CN)2(CO)2 + (K-I)2Ni(CN)4 (4) 

K4Ni(CN)4 + P(C6H5)3 + 1 - ^ * Ni[P(C6H5)3]4 (5) 

These experiments demonstrate the utility of 1 as an efficient 
solid-liquid phase-transfer reagent for promoting reactions of 
low-valent nickel cyanide complexes.14 That the cyanide ligand 
plays a special role in controlling the reactivity of zerovalent nickel 
is indicated by the disparate reactivity behavior observed between 
K4Ni(CN)4 and isoelectronic Ni(CO)4 toward diphenylacetylene 
and (£)-cinnamonitrile. With Ni(CO)4, which requires more 
stringent reaction conditions, diphenylacetylene is reported to give 
hexaphenylbenzene, tetraphenylcyclopentadienone, and bis(tet-
raphenylcyclopentadienone)nickel(O);15 cinnamonitile yields the 
complex bis((£')-cinnamonitrile)Ni(0).16 With a workable 

(7) (a) Matthews, W. S.; Bares, J. E.; Bartmess, J. E.; Bordwell, F. G.; 
Cornforth, F. J.; Drucker, G. E.; Margolin, A.; McCallum, R. J.; McCollum, 
G. J.; Vanier, N. R. / . Am. Chem. Soc. 1975, 97, 7006-7014. (b) This 
reaction has been observed for very low-valent transition-metal carbonyl 
anions: Lin, J. T.; Hagen, G. P.; ElUs, J. E. Ibid. 1983,105, 2296-2303. Ellis, 
J. E.; Fjare, K. L.; Hayes, T. G. Ibid. 1981,103, 6100-6106. Chen, Y.; Ellis, 
J. E. Ibid. 1982, 104, 1141-1143. (c) A referee has suggested that "naked" 
cyanide resulting from ligand displacement from K4Ni(CN)4 in the presence 
of the crown ether should be more basic than the cyanonickelate and would 
thus be the active base in this system. We consider this suggestion to be 
unlikely since solutions of (K-crown)CN itself in acetonitrile are quite stable; 
if (K-crown)CN were deprotonating acetonitrile to any extent, self-conden
sation of the solvent would ensue (Kruger, C. / . Organomet. Chem. 1967, 9, 
125-134). K4Ni(CN)4, however, is unstable in contact with acetonitrile once 
1 is added, in the absence of any additional ligands, although acetonitrile itself 
might be acting as a ligand here. The IR spectrum of K4Ni(CN)4 provides 
additional evidence for the extensive backbonding occuring in this system. 
Thus PCN for K4Ni(CN)4 is at the exceptionally low value of 1929 cm-1 

(compare K2Ni(CN)4, 2128Cm"1, or (K-crown)2Ni(CN)4, 2127cm"1). (El-
Sayed and Sheline (El-Sayed, M. F. A.; Sheline, R. K. J. Am. Chem. Soc. 
1958, 80, 2047-2048) report vcrl for K4Ni(CN)4 at 1985 cm"1. A peak at 
this position can be observed on slightly oxidized samples.) 

(8) Jordan, J.; Ewing, G. J. Inorg. Chem. 1962, /, 587-591. 
(9) Although it may present some problems in workup, iV,./V-dimethyl-

formamide reacts more slowly than MeCN with the K4Ni(CN)4 + 1 com
bination and may be a suitable solvent for reactions that are too slow to 
compete successfully with the MeCN deprotonation. Interestingly, K4Ni(C-
N)4 in the absence of crown ether is reported to be stable to DMF.10 

(10) von Winbush, A.; Griswold, E.; Kleinberg, J. J. Am. Chem. Soc. 1961, 
83, 3197-3200. 

(11) Nast, R.; Moerler, H.-D. Chem. Ber. 1966, 99, 3787-3793. Nast, R.; 
Roos, H. Z. Anorg. AlIg. Chem. 1953, 272, 242-252. 

(12) Nast, R.; Schultz, H.; Moerler, H.-D. Chem. Ber. 1970,103, 777-84. 
(13) Behrens, H.; Muller, A. Z. Anorg. AUg. Chem. 1965, 341, 124-136. 
(14) For a review of the use of phase-transfer catalysis in organo-

transition-metal chemistry, see: Alper, H. Adv. Organomet. Chem. 1981,19, 
183-211. 

(15) Hubel, W.; Hoogzard, C. Chem. Ber. 1960, 93, 103-115 Bird, C. W.; 
Hudec, J. Chem. Ind. (London) 1959, 570. Schrauzer, G. N. Adv. Organomet. 
Chem. 1964, 2, 1-48. 

methodology now in hand, we are further exploring the chemistry 
of K4Ni(CN)4 as well as the new compounds 2 and 3 and their 
possible applications in synthesis and catalysis. Extension of this 
synthetic methodology to other transition-metal cyanide systems 
is possible and will be reported on separately.17 
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(17) Carter, S. J.; Stuhl, L. S., manuscript in preparation. 
(18) A portion of this work was presented at the 185th National Meeting 

of the American Chemical Society, Seattle, WA, March 21, 1983. 
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A great deal of attention has recently been focused on the 
examination of bare metal clusters in the gas phase. Such studies 
aim to elucidate the intrinsic properties of metal particles in the 
absence of ligands and solvent. Much of the work to date has 
concentrated on measurement of the physical properties of 
clusters.1,2 The chemistry of metal clusters in the gas phase has 
received limited attention.3,4 In a recent publication,2 we reported 
on our characterization of the manganese dimer ion using a new 
ion beam apparatus. In the present study, we extend this work 
to the chemistry of this cluster with molecular oxygen. This is, 
to our knowledge, the first observation of reactions of a bare 
transition-metal cluster in the gas phase.12 

Experimental details for production and reaction of the man
ganese dimer ion have been published.2 Briefly, electron impact 
ionization and fragmentation of Mn2(CO) i0 produces Mn2

+. By 
keeping the electron energy close to the appearance potential (18.8 
eV)5 for this ion, we formed the dimer with less than 0.1 eV 
internal energy.2 These ions are mass analyzed, formed into a 
beam of well-defined and easily varied translational energy, and 
passed through a reaction cell containing O2. Use of the ion beam 
guide technique of Teloy and Gerlich6 keeps product ion collection 
efficiency high. Product ions are analyzed by a quadrupole mass 
filter and detected by counting techniques. Although neutral 
products are not detected directly, they can be determined un
ambiguously via analysis of the reaction energetics. 

Results for the reaction of Mn2
+ with O2 are shown in Figure 

1. The behavior of the total cross section with relative energy, 
£(CM), is typical for exothermic ion-molecule reactions. Such 
reactions often exhibit no activation energy due to the strength 
of the ion-induced dipole potential. At low energies, the exper
imental cross section decreases as £-°-5±01 as predicted by the 

(1) See, for example: Gingerich, K. A. Symp. Faraday Soc. 1980,14, 109. 
DeBoer, B. G.; Stein, G. D. Surf. Sci. 1981, 106, 84-94. Leutwyler, S.; 
Herrmann, A.; Woste, L.; Schumacher, E. Chem. Phys. 1980, 48, 253. 
Hopkins, J. B.; Langridge-Smith, P. R. R.; Morse, M. D.; Smalley, R. E. J. 
Chem. Phys. 1983, 78, 1627. 

(2) Ervin, K.; Loh, S. K.; Aristov, N.; Armentrout, P. B. J. Phys. Chem. 
1983, 87, 3593-3596. 

(3) Several studies of the oxidation of alkali dimers have been reported. 
Crumley, W. H.; GoIe, J. L.; Dixon, D. A. J. Chem. Phys. 1982, 76, 
6439-6441. Peterson, K. I.; Dao, P. D.; Castleman, A. W., Jr. J. Chem. Phys. 
1983, 79, 777-783. Figger, H.; Schrepp, W.; Zhu, X. Ibid. 1983, 79, 
1320-1325. 

(4) Freas and Ridge (Freas, R. B.; Ridge, D. P. J. Am. Chem. Soc. 1980, 
102, 7129-7131) saw no reactions between alkanes and Mn2

+ or Co2
+ using 

ion cyclotron resonance (ICR) mass spectrometry. 
(5) Winters, R. E.; Kiser, R. W. J. Phys. Chem. 1965, 69, 1618. Svec, 

H. J.; Junk, G. A. J. Am. Chem. Soc. 1967, 89, 2836; J. Chem. Soc. A 1970, 
2102. 

(6) Teloy, E.; Gerlich, D. Chem. Phys. 1974, 4, 417. Frobin, W.; Schlier, 
Ch.; Strein, K.; Teloy, E. J. Chem. Phys. 1977, 67, 5505. 
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