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Abstract- -The mass spectra of  a series of  trinuclear nickel clusters of the general formula 
[Ni3(/~3-L)(/~3-I)(#2-dppm)3] n+, where L = I -  (1), CO (2), CNCH3 (3), CN-2,6-Me2C6H3 
(4), CN-i-C3H7 (5), CN-t-C4H9 (6), CN-n-C4H 9 (7), and NO + (8) and n = 0, 1, 2 were 
measured by Plasma Desorption (PD) and Fast Atom Bombardment (FAB) mass spec- 
trometry. Strong molecular ion peaks were observed for all of  the trinuclear clusters except 
8 by both techniques. Ion fragmentation followed similar pathways in both ionization 
modes. Dimers of  trinuclear clusters, {[Ni3(#3-I)(//2-dppm)3]2(/t3,#y,r/1,qr-CN-R-NC)} 2+, 
where R = -(CH2) 6- (9) and 1,4-C6H4 (10) were prepared by the reaction of  two equivalents 
of  1 with one equivalent of  the appropriate diisocyanide, CN-R-NC. Clusters 9 and 10 were 
not distinguishable from simple trimers such as 3-7 by 31p N M R  and optical spectroscopies, 
but were unambiguously identified by PD and FAB mass spectrometry. The parent ions 
are different for the two techniques : MI + in the former case and M + in the latter. 

The study of  metal cluster compounds has been a 
particularly active area of inorganic chemistry. 1-3 
Attention has been focussed on the structural, 3 
catalytic, 4-6 and electrochemical 7 properties of  clus- 
ters as well as their ability to mimic catalyst metal 
s u r f a c e s .  8,9 

The difficulty of  obtaining mass spectrometric 
analyses on high molecular weight cluster com- 
plexes is well documented. 1°'11 The use of  gentle 
ionization techniques such as fast atom bom- 
bardment (FAB) 11-19 and laser desorption (LD) 2°'21 
mass spectrometry has enabled the determination 
of molecular weights of  many cluster compounds. 
Recently, plasma desorption (PD) mass spec- 
trometry has become widely accepted as a viable 

*Author to whom correspondence should be addressed. 

technique for the analysis of  large biomolecules. 22,23 
This technique uses high energy fragments emitted 
during the spontaneous fission of  252Cf to desorb 
large molecules. These molecules are then analyzed 
by a time-of-flight mass analyzer. While plasma 
desorption mass spectra of  peptides and proteins 
are routinely reported in the mass range, m/z 2000- 
15,000, very little has been done in the field of  
inorganic chemistry. PD analyses of  ionic coor- 
dination compounds, 24 metallocene complexes 25 
and large gold 26 and platinum 27 clusters have been 
reported. 

We report the use of  PD and FAB mass spec- 
trometry to characterize trinuclear nickel clusters 
of  the structural type I, supported by the ligand 
dppm (dppm = bis(diphenylphosphino)methane) 
and by two triply-bridging ligands, one of  which is 
always iodide. The clusters are formulated as 
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[Ni3(#3-L)(/x3-I)(#2-dppm)3] n+, where L = I -  (1), 
CO (2), CNCH3 (3), CN-2,6-Me2C~,H3 (4), CN-i- 
C 3 H  7 (5) ,  CN-t-C4H9 (6), CN-n-C4H9 (7), and NO + 
(8) with n = 1 except for 1 (n = 0) and 8 (n = 2). 

L 
p . .  ° - . . p  

N, 
v -  v 

" \ I / ' -  
1 

i 
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In general, the larger family of g-acceptor ligand 
capped clusters, 2-8, are readily prepared from the 
diiodo derivative [Ni3(/.t3-I)2(//z-dppm)3 ] (1), by sub- 
stitution of the 7t-acceptor ligand (L = CO, CNR, 
NO +) for one capping iodide, eq. (1). 28 Clusters 1, 

Schlenk techniques. Solvents were reagent or 
HPLC grade and dried over the appropriate drying 
agents. Ni(COD)232'33 and methyl isocyanide 34 were 
prepared by literature methods. Anhydrous NiI2 
and i-propyl isocyanide were purchased from 
Strem ; dppm, n-butyl isocyanide, and t-butyl iso- 
cyanide were purchased from Aldrich; and 2,6- 
dimethylphenylisocyanide was purchased from 
Fluka. CO and NO were purchased from Mathe- 
son. IH and 3~p{~H} N M R  spectra were obtained 
on Varian XL-200 spectrometers. 3~p chemical 
shifts are reported with respect to 85% H3PO4. All 
NM R data were obtained in CD3CN unless other- 
wise noted. 

Preparation of [Ni3(P3-I)2(dppm)3] (1) 

Cluster 1 was prepared by conproportionation of 
two equivalents o fN i  ° with one equivalent ofNi"f l  8 

/i vb2 V. Vhz 
p, Ni.-----l~Ni.pp h + L 

~...~ V~ NiT V ....~ 
Ph2\I/Ph2 

1 

i+ 
Ph2: P.Ph2 I (1) 

CH2C12 Ph21~ ' N i~" J~ /N I"  PPh2 
k_ X.,Ni n, , ,~ 

Phil /Ph2 

L = CO (2), CNCH 3 (3), CN-2,6-MeiC6I-I 3 (4), 
CN-i-C3H 7 (5), CN-t-C41-19 (6), CN-n-C4H9 (7), NO + (8) 

2, and 3 were characterized by X-ray diffraction 
earlier.28 30 Several of these and related triangular 
nickel clusters display photochemical 2s or electro- 
catalytic 3~ activity toward the reduction of CO2. 
The PD and FAB mass spectra of the clusters are 
presented here for the first time. They form molec- 
ular ions with m/z in the range 1484-1587. 

We also report the extension of the iodide sub- 
stitution cluster synthesis method, eq. (1), to pre- 
pare larger hexanuclear clusters. In particular, new 
"dimer of  trimer" clusters 9 and 10 have been pre- 
pared by reactions of  the diisocyanides CN-(CH2) 6- 
NC, and 1,4-(CN)2C6H4, eq. (2). These clusters 
form molecular ions with m/z in the range 3049- 
3168. It has not been possible to characterize these 
clusters crystallographically to date. We demon- 
strate the utility of  PD and FAB mass spectrometry 
in establishing the identity of  the hexanuclear clus- 
ters. The interpretation of  this data rests on our 
understanding of  the fragmentation of  the unlinked 
trinuclear clusters 1-8, which we will discuss first. 

E X P E R I M E N T A L  

Materials and physical measurements 
All manipulations were performed in an N 2 

atmosphere using an inert atmosphere glove box or 

Two equivalents of  Ni(COD)2 were dissolved in 
toluene and 3 equivalents o fdppm were added, with 
stirring, to afford a red intermediate. One equi- 
valent of anhydrous NiI2 dissolved in hot methanol 
or 2-methoxyethanol was then added, leading to 
the immediate formation of I as a dark green pre- 
cipitate. Yields of 90% were obtained by simple 
filtration and the yield may be increased by con- 
centration of  the filtrate. Both cluster 1 and its 
singly oxidized cluster radical 1 "+ were also charac- 
terized by X-ray diffraction. 2s 1H N M R  (C6D6) : 6 
7.5-6.6 (m, 60 H, (C685)2P), ~ 5.1 (M, 6 H, 
PCH2P). 31p N M R  (C6D6) : ~ --14.2 (s). UV/vis: 
2max = 651 rim, e = 7840 M -I cm -~. 

Preparation of [Ni3(#3-CO ) (/A3-I) (dppm)3 ] [I] (2) 

Cluster 1, 0.39 g (0.25 mmol), was dissolved in 
50 cm 3 CH2Clz. An excess of CO gas was bubbled 
through the solution for 3 min and the solution was 
stirred for 1 h until the color changed to red. The 
solution was then purged with N2 and the product 
precipitated by addition of  three volumes of  
pentane, recovered by filtration and dried in vacuo. 
Cluster 2 was also characterized by X-ray diffrac- 
tion. 3° Yield: 0.34 g (85%). ~H N M R :  ~ 7.3-6.8 
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1 
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R = - ~  (I0) 
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(m, 60 H, (C6Hs)2P), 6 4.15, 4.05 (2 d, 6H, PCH2P). 
31p N M R  : 6 3.1 (s). IR : v(CO) 1724 cm -I. UV/vis : 
2ma x = 520 rim, e = 6310 M -1 cm- ' .  

Preparation of [Ni3(/~3-CNR)(/~3-I)(dppm)3][I], 
R = CH3 (3), 2,6-Me2C6H3 (4), i-C3H7 (5), t-f4H9 
(6), n-C,H9 (7) 

The preparation of the isopropyl derivative, 5, 
exemplifies the synthetic procedure used for 3-7. 
Cluster 1, 0.25 g (0.16 mmol), was dissolved in 30 
cm 3 of CH2C12 and one equivalent of i-pro- 
pylisocyanide (0.011 g, 0.0145 cm 3) was added with 
stirring. The solution turned violet within 5 min, 
signalling the completion of  the reaction. 150 cm 3 
of  pentane was added to induce precipitation of  the 
product which was recovered by filtration, washed 
with pentane, and dried in vacuo. Yield: 0.23 g 
(88%). 

The other isocyanide capped clusters were made 
by the same procedure. The xylyl derivative (4) had 
to be stirred overnight in order to achieve complete 
reaction, but the other isocyanides reacted com- 
pletely in under 20 min. 

3: IH N M R :  6 7.3-6.8 (m, 60H, (C6Hs)2P), 6 4.1, 
4.0 (2 d, 6H, PCH2P), 6 4.2 (s, 3H, CH3NC). 31p 
N M R :  6 1.1 (s). IR:  v(CN) = 1922, 1862 cm -1. 
U V / v i s  : /~max = 527 nm, e = 3800 M -1 cm -1. Clus- 
ter 3 was also characterized by X-ray crystal- 
lography. 29 

4: 1H N M R :  6 7.2-6.7 (m, 63 H, (C6Hs)zP, 
( C H 3 ) 2 C 6 H 3 N C ) ,  ~ 4.0, 4.2 (2 d, 6H, PCH2P), 6 
2.11 (s, 6H, (CH3)2C6H3NC). 31PNMR : 6 - 1.9 (s). 
IR:  v(CN) = 1848, 1820 cm -~. UV/vis: 2max = 542 
nm, e = 3380 M-1 cm-i .  

5: IH N M R :  6 7.3-6.8 (m, 60 H, (C6H5)2P), 6 4.1 
(2 d, 6H, PCH2P), 6 4.75 (m, 1H, CNCH(CH3)2) 6 
1.8 (d, 6H, CNCH(CH3)2). 31p N M R :  6 - 0 . 2  (s). 
IR: v(CN) = 1861, 1815 cm -I. UV/vis :/~max = 534 
nm, e = 4470 M-~ cm -1. 

6: t H  N M R :  6 7.2-6.7 (m, 60 H, ( C 6 H s ) 2 P ) ,  6 4.0, 

4.2 (2 d, 6H, PCH2P), ~ 1.84 (s, 9H, CNC(CH3)3). 
31p N M R :  6 - 1 . 4  (s). IR:  v(CN) = 1901, 1870 
c m  -1.  U V / v i s  : •max = 539 nm, e = 3780 M -1 cm 1. 

7: IH N M R :  6 7.2-6.7 (m, 60 H, (C6H5)2P), c5 4.1 
(2 d, 6H, PCH2P), 6 4.4 (t, 2H, CNCH2 
CHzCH2CH3), 6 2.4 (m, 2H, CNCH2 CH2CH2CH3), 
6 1.4 (m, 2H, CNCH2CH2CH2CH3), 6 0.9 (t, 3H, 
CNCH2CH2CH2CH3). 31p N M R : 6  - 0 . 7  (s). IR: 
v(CN) = 1890, 1846 cm-I.  UV/vis : "~max = 527 nm, 
e = 3800 M-~ cm -1. 

Preparation of [Ni3(/t3-NO)(/~3-I)(dppm)3](BF4)I, 
(8) 

A solution of 1 "+ in T H F  was prepared from 1 
and AgBF4 .28 NO was rapidly bubbled through the 
solution for 4 min during which time the solution 
turned blue. Stirring was continued for 5 min during 
which time the blue color intensified; the solution 
was then purged with N2 and filtered to remove an 
insoluble white coproduct. The solution was evap- 
orated to dryness and the product recrystallized 
from THF/ether .  Yield: 0.213 g (30%). ~H N M R :  
6 7.3-6.8 (m, 60H, (C6Hs)2P), 6 4.3 (broad singlet, 
6H, PCH2P). 31p N M R :  6 24.1 (s). IR:  
v ( N O ) = 1 7 5 4  cm -1. UV/vis: 2max=520 rim, 

= 4850 M -~ cm-L 

Preparation of  {[Ni3(P3-I)(dppm)3]2(p3,p3,,r/l,q ''- 
CN(CH2)6NC)} I2 (9). 

Cluster 1, 0.828 g (0.523 mmol), was dissolved in 
150 cm 3 of  CH2C12. To this 0.36 mg (0.040 cm 3, 0.5 
equivalents) of  1,6-diisocyanohexane was added by 
syringe. The solution turned from green to violet 
within 2 min. The solution volume was reduced to 
4 0  c m  3 by evaporation after which the flask was 
cooled to - 2 0 ° C  and allowed to sit for 2 days. A 
microcrystalline violet solid precipitated and was 
recovered by filtration, washed with pentane, and 
dried in vacuo. Yield: 0.434 g (53%). IH N M R :  
6 7.4-6.8 (m, 120 H, (C6Hs)2P), 6 4.65 (t, 4 H, 
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C ~ N C H 2 C H 2 C H 2 ) ;  6 4.3 (m, 12 H, P C H 2 P ) ;  
2.7 (m, 4 H, C~NCH2CHzCH2) ;  6 1.8 (m 
(approximate triplet), 4 H, C~NCH2CH2CH2 
CH2CHzCH2N~C).  3'P{'H} N M R :  - 0 . 1 6  (s). 
IR: v(CN) 1889, 1814, 1722 cm -~. UV/vis: 
)-max = 565 rim, e = 13,700 M -1 cm -~. 

Preparation of {[Ni3(#3-I)(dppm)3]2(#3,#3.,r/1,q ''- 
CNC6H4NC)} I2 (10) 

Cluster 1, 0.710 g of (0.45 mmol), was dissolved 
in 50 cm 3 of  CH2C12 and 0.0287 g (0.50 equivalents) 
of  1,4 phenylene diisocyanide was added to the 
solution. The reaction mixture turned violet within 
3 min. It was then evaporated to dryness. The solid 
was redissolved in hot methanol and the flask 
cooled to - 2 0 ° C  and allowed to sit overnight. The 
product was recovered by filtration, washed with 
pentane, and dried in vacuo. Yield: 0.54 g (76%). 
1H N M R :  fi 7.7 (s, 4H, C ~ N C 6 H 4 N ~ C )  ; • 7.zl ~ 
6.8 (m, 120 H, (C6Hs)2P) ; 6 4.3 (m, 12 H, PCH2P). 
3'p{~H} N M R :  +1.76 (s). IR:  v(CN) 1798, 1717 
cm i. U g / v i s :  2max = 562 nm, e =  12,200 M -~ 
c m -  i. 

Plasma desorption mass spectrometry 

252Cf plasma desorption mass spectra were 
obtained using a Bioion 20R (Bioion KB, Uppsala) 
PD mass spectrometer. A solution of the analyte 
was electrosprayed onto a nitrocellulose-coated 
Mylar target which was immediately inserted into 
the mass spectrometer. Data were collected for 30 
min at an acceleration potential of 17,000 V. 

Fast atom bombardment mass spectrometry 

FAB spectra were obtained using a 50/50 mixture 
of  dithioerythritol and dithiothreitol or 50/50 gly- 
cerol and thioglycerol as the matrix. A Kratos MS- 
50 mass spectrometer (Kratos Analytical Inc., 
Ramsey, New Jersey) equipped with a Kratos FAB 
ion source was used in this study. The atom gun 
used xenon and produced a neutral atom beam at 
7-8 keV with an ion current of  approximately 1 
mA. The mass spectrometer was calibrated over the 
range m/z: 400-3000 using the peaks of  Csn+ j I/, ~ . 

RESULTS AND DISCUSSION 

The PD and FAB mass spectra of  clusters 1-8 
are presented in Tables l and 2. Representative 
spectra for 4 are depicted in Figs 1 and 2. Except 
for 8 (where L = NO+), the molecular ion signal is 
strong for all the compounds in both PD and FAB 
mass spectra, thereby enabling molecular weight 

determinations for these clusters. Since there are 
five isotopes of  nickel and the clusters contain at 
least 75 carbon atoms, the molecular ion is com- 
posed of a relatively large number of  isotopomers. 
Generally good agreement was found between the 
calculated average molecular mass of  a fragment 
and the most intense ion of  the isotopic distribution, 
as determined by mass spectrometry (see Tables 1 
and 2). The fragmentation pathways for the com- 
pounds in both PD and FAB modes are quali- 
tatively similar and are Summarized in Scheme 1. 
Dahl and coworkers observed oligomerization of  
clusters in the PD mass spectrum of platinum car- 
bonyl clusters, 27 but the nickel trimers 1 4  do not 
oligomerize, which greatly aids identification of  the 
parent peak. 

Both ionization modes show fragmentation by 
pathway (i) (Scheme 1) in which dppm is lost 
directly from the molecular ion, followed by the 
loss of a capping ligand, L, to give [Ni3I(dppm)2] + 
(m/z 1070). However, in 1, where L = I - ,  it is 
observed that I is not lost from [Ni312(dppm)2] + in 
either the PD or FAB mass spectra. Instead, loss of 
NiI is favored, leading to the peaks at m/z 1014, 
{[Ni2I(dppm)2] + } and at m/z 829, {[Ni(dppm)2] + }. 

The main difference between the two ionization 
modes is that direct loss of  the ligand L from the 
molecular ion to yield [Ni3I(dppm)3] + (m/z 1456) 
[pathway (ii) in Scheme 1] is observed only in the 
FAB mass spectra of  the compounds, and then only 
weakly. This observation is surprising since CO or 
CNR might be viewed as the weakest ligands in the 
clusters (donating two electrons rather than four 
for dppm or as many as six for the iodide). The 
{[cluster] - L} + fragment is evidently unstable with 
respect to further fragmentation. This is especially 
pertinent for the NO-capped cluster, 8. 

The mass spectrum of  8, where L = NO +, is the 
least informative of those obtained for 2-8, as no 
ion containing NO is observed. The identity of 8 
and assignment of structure I is based on the 31p 
and ~H N M R  data and the observation of a bridg- 
ing v(NO) band in the IR. 3° The nitrosyl cluster 8 
is also a dication. We have successfully observed 
mass spectra of  only the monocations within the 
series of compounds 2-8. A monocation would be 
most easily generated from 8 by loss of NO + to give 
[Ni3I(dppm)3] + (m/z 1456), and as observed in the 
fragmentation patterns for 2-7, this fragment is not 
particularly stable. It is expected to lose dppm to 
form [Ni3(dppm)2I] + (m/z 1070), which is observed. 
The next two fragments expected, based on the 
mass spectra of  2-7, are [Ni2(dppm)2I] + (m/z 1014) 
and [Ni2(dppm)2] + (m/z 886). These appear in both 
the FAB and PD mass spectra of 8. No peak 
corresponding to {[Ni3(NO)I(dppm)3]I} + was 
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Table 1. PD mass spectra of [Ni3(/~3-L)(#3-I)(dppm)3] "+, (n = 0, 1, 2)" 
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L M + M + - dppm [Ni3I (dppm)2] + [Ni2(dppm)2] + Others h 

(1) I -  
calc 1583 1583 (100) 1199 (68) - -  1013 (71) 
(2) CO 
calc 1484 1484 (100) - -  1073 (59) 887 (56) 
(3) CNCH3 
calc 1497 1497 (100) 1115 (3) 1072 (66) 888 (52) 1014 (12) 
(4) CN-(CH3)2C6H3 
calc 1587 1587 (98) 1203 (100) 1073 (59) 888 (77) 1014 (70) 
(5) CN-i-C3H7 
calc 1525 1526 (81) 1142 (33) 1073 (56) 890 (100) 955 (25) 
(6) CN-t-C4H9 
calc 1539 1540 (78) 1156 (33) 1073 (24) 890 (100) 
(7) CN-n-C4H9 
calc 1539 1540 (100) 1156 (40) 1073 (60) 888 (62) 
(8) NO + 1043 (23) 
calc 1486 1486 (<  1%) - -  1073 (43) 890 (100) 1013 (36) 

"Mass and intensity (in parentheses) as a percentage of the base peak of ions observed in the PD mass 
spectra of the clusters 1-8. Only masses above m/z 850 are included. 

b (>  10%, >m/z 850). 

Table 2. FAB mass spectra of [Ni3(/~3-L)(~3-I)(dppm)3] "+, (n = 0, 1, 2)" 

L M ÷ M + -  L M + -  dppm [NiaI(dppm)2] ÷ [Ni2(dppm)2] ÷ Others h 

(1) I-i 
calc 1583 1582 (83) 1198 (100) - -  - -  
(2) CO 
calc 1484 1483 (100) 1456 (6) 1103 (6) 1073 (22) 886 (5) 
(3) CNCH3 
calc 1497 1496 (100) 1456 (3) 1113 (8) 1071 (52) 886 (26) 
(4) CN-(CH3)2C6H3 
calc 1587 1586 (100) 1456 (17) 1202 (98) 1071 (36) 886 (42) 
(5) CN-i-C3H7 
calc 1525 1524 (100) 1455 (7) 1139 (13) 1070 (22) 885 (17) 
(6) CN-t-C4H9 
calc 1539 1539 (100) 1456 (10) 1154 (23) 1071 (24) 886 (27) 
(7) CN-n-C4H9 
calc 1539 1538 (100) 1456 (6) 1154 (14) 1071 (30) 886 (20) 
(8) NO + 
calc 1486 - -  - -  1071 (22) 889 (100) 

1013 (74) 

1013 (32) 

1014 (43) 

a Mass and intensity (in parentheses) as a pe(centage of the base peak of ions observed in the FAB mass spectra 
of the clusters 1-8. Only masses above m/z 850 are included. 

h(>  10%, >m/z 850). 

obse rved ;  and  no peak  co r r e spond ing  to res idual  
s ta r t ing  mater ia l ,  1, (M + = 1583.1) was observed.  
We can only  conc lude  tha t  the obse rved  f ragments  
fo rmed  by  8 are  cons is ten t  wi th  those  expected for  
a cluster  o f  s t ruc tura l  type  I. 

Overal l ,  the results  o f  P D  and  F A B  mass  spec- 
t romet r i c  s tudies  o f  clusters  1-8  p rov ide  meaningfu l  
mass  and  f r agmen ta t i on  pa t t e rn  in fo rmat ion .  To-  

gether  with N M R  and  I R  da ta ,  the mass  spectra l  
d a t a  can be used to charac te r ize  these cluster  com-  
p o u n d s  at  a level o f  conf idence super io r  to tha t  
poss ible  based  on  conven t iona l  e lementa l  micro-  
ana ly t ica l  da ta .  This  is i m p o r t a n t  since these clus- 
ters, with their  high per  cent  compos i t i ons  in nickel  
and  ca rbon ,  give sys temat ica l ly  low per  cent  c a rbon  
mic roana ly t i ca l  results,  even for  crysta l l ine  
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samples. It is possible that Ni(CO)4, formed during 
combust ion of  the clusters, interferes with the com- 
plete determination of  carbon. 

The PD and FAB studies have proven par- 
ticularly useful in the characterization o f  the 
"dimers o f  trimers" clusters, 9 and 10. These com- 
pounds were prepared by reaction of  two equi- 
valents of  ! with diisocyanide ligands in which the 
two isocyano groups are separated by a aliphatic 
C6 spacer or a 1,4-disubstituted phenyl spacer, as 

shown in eq. (2). Although optical and N M R  spec- 
troscopies provide data on these systems that are 
consistent with the "dimer of  trimers" structural 
assignment, they fall short of  conclusively estab- 
lishing it. Evidence for the assigned structure 
includes the observation of  triply-bridging v(CN) 
bands in the IR spectra, and in particular, the 
absence of  uncoordinated v(CN) bands above 2100 
c m -  t for both 9 and 10. The 3~p N M R  and UV/vis  
spectroscopic data for 9 and 10 are markedly similar 



[Ni3(g3-L)(p.3-I)(dppm)3] + 

[Ni3(P.r L) (I.t3-1)(dppm)z] + 

[Ni3(I.t3-I)(dppm)2] + 
m/z 1070 

l -Nil 

[Ni2(dppm)2] + 
m/z 886 

Scheme 1. 

[Ni3(~.3-I)(dppm)3] + 
(metastable) 

~ - d p p m  

to those of 3-7. The ~H N M R  may also be assigned 
on the basis of the presumed "dimer of trimers" 
structure (see Experimental section). The ~H N M R  
of 9 is similar to that of  the n-butyl analog 7, par- 
ticularly with regard to the chemical shifts of  the 
methylene protons of  the isocyanide ligands. 35 We 
have been unable to obtain X-ray quality crystals 
of  either "dimer of trimers". It has proven, 
however, to be relatively straightforward to obtain 
high quality PD and FAB mass spectra of 9 and 10. 
Dahl and coworkers recently reported that they 
were able to observe the parent ions for the tri- 
nuclear nickel clusters [Ni3Cp3( / z3 -CO)2] ,  

[ N i 3 C p 3 ( P 3 - C O ) ( / . / 3 - C S ) ]  , and [ N i 3 C p 3 ( / / 3 - C S ) 2  ] and 
their Cp' analogs ( C p ' =  qs-CsH4Me) by laser 
desorption/Fourier transform mass spectroscopy. 36 
However, the molecular ion was not observed for 
the related "dimer of trimers", [Ni3Cp)]2(C2S6);37 
the highest mass seen was (M + - C p ' ) .  Other wor- 
kers have also reported dimers of  trinuclear cobalt 
clusters, but no mass spectra were reported. 384~ 
Recently, related diisocyanide linked dimers of tri- 
angular palladium and platinum clusters have been 
reported by Puddephatt.  4z'43 Significant differences 
between the diisocyanide linked "dimers oftr imers" 
of the nickel triad are emerging. The similarity of 
~H NMR,  3tp NMR,  and IR spectroscopic data for 
the isocyanide capped clusters 2-7 and the "dimers 
of trimers", 9 and 10, indicate that these "dimers 
of trimers" are based on two 48-electron Ni3 clusters 
linked by , u 3 , / t y , r  / l y~ V_diisocyanid e ligands. The pal- 
ladium "dimer of trimers", [{Pd3(dppm)3]}2 
(CNC6Me4NC)[PF6]2, is believed to be based on 
two 42-electron clusters linked by a /~3,#3,,r/~,r/v- 
diisocyanide ligand. 42 The platinum system, 
{[Pt3(~3-CO) (dppm)3] } 2(CNC6H4NC) [PF612, is 
based on two 44-electron clusters connected by a 
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linking, but non-bridging,/~j,#v,rf,r/V-diisocyanide 
ligand. 43 

The PD and FAB mass spectra of 9 are presented 
in Figs 3 and 4. The calculated average molecular 
weight for 9 is 3049, and the highest peak seen in 
the FAB spectrum is m/z 3049. In the PD mass 
spectrum, the highest mass observed is m/z 3177. 
This is consistent with MI + in which an iodide 
counterion is desorbed with the dication to form 
a monocationic species. No peak at m/z 3049 is 
observed in the PD mass spectrum. The peak at m/z 
1589 is assigned to [Ni3I(CN(CH2)6NC) (dppm)3] + 
(calc: 1589, found: 1590) and further frag- 
mentation proceeds as summarized in Scheme 1. 

The PD and FAB mass spectra for 10 are similar 
to those of  9. The parent peak in the PD mass 
spectrum is weak and occurs at m/z 3170, again 
consistent with MI + (calc: m/z 3168). The FAB 
spectrum again shows a parent mass corresponding 
to M + at m/z 3042 (calc : m/z = 3041). Both the PD 
and FAB mass spectra of 10 give a base peak at 
m/z 1582 which is consistent with [Ni3I(CN-C6H4- 
NC)(dppm)3] + or residual 1 since the average 
molecular weight is calculated to be 1583 in both 
cases. 

These spectra reveal a contrast between the 
desorption mechanisms for PD and FAB for the 
clusters 9 and 10. We do not observe dications in 
either the PD or FAB spectra. The observation of 
only singly-charged parent ions must involve either 
a single-electron reduction accompanying desorp- 
tion to generate the monocation in the gas phase or 
association of  the dication with an uncoordinated 
iodide. The former mechanism predominates in the 
FAB mass spectra, the latter in the PDMS spectra. 
Since charge transfer, presumably from the matrix, 
is crucial to the desorption of  9 and 10, it is not 
surprising that strong matrix effects have been 
observed. For  example, the FAB spectrum of 9 in 
glycerol shown in Fig. 4 is easily assigned, but a 
FAB spectrum of  the same sample in a 50/50 mix- 
ture of  dithiothreitol and dithioerythritol 
(DTT/DTE)  showed no peaks above 1500. 

CONCLUSIONS 

Neutral (1) and monocationic (2-7) trinuclear 
nickel clusters generally gave very good mass spec- 
tral data in both PD and FAB ionization modes. 
Intense molecular ions with similar fragmentation 
pathways were observed in both ionization modes. 
Although the dicationic cluster 8 did not give a 
molecular ion, the fragment ions observed were 
consistent with Scheme 1. 

For  the dicationic "dimers of trimers", 9 and 10, 
peaks corresponding to M + in the FAB and MI + 



1136 D.A. MORGENSTERN et al. 

¢J 

e~ 

..< 

.>_. 

24000 '  

1800(3 

12000 

6000 

827 

!8.5 

~42 

I 

889 

1207 

1589 

[---n9 .P--~ 7~ + i-P P'Ni 

L~,' 9 '~,..j 

O0 r , ~ , , i 

I 0 2 0 0 0  3 0 0 0  MtZ 
Fig. 3. PD mass spectrum of 9. 

t~ 

t,--, 
< 

Cd~ 

< 

I00- -  

O_ 

I00- -  

O_ 

1582 r-..P .r'... a 72+ 
t Ni-P P.Ni ~ t  " " '  

' , " ~ I ~  PNi  C I "  P 9 
1483 

'&..~,-- - a,I, 't,t i, L_ _ .L..~ , L . ~  "'7"1720""~' ; 1835~ i ' "  , . . . .  ; . . . . .  . . . . .  . . . . .  ; 2138,,w 

' ' ' I ' ' ' - I -  I ' I 
1400 1600 1800 2000  2200 

I x l O  I 

3 0 4 9  

2 5 Z 7  Z 4 6 4  2 5 8 7  2 6 9 7  2 7 E  j ~  L . . . . . . . . . . .  Id,~ m-L i- -,. 

' ' i r" , ' "1 ' ' ' 7 ' ' ' 3 / 0 0  ' 0  ' I 2400 2600 2800 3200 

Fig. 4. FAB mass spectrum of 9. 

M/Z 

M/Z 

in the PD mass spectra allowed molecular weight 
determinations. In this way, the hexanuclear nickel 
clusters were identified and distinguished from the 
trinickel clusters. 

Although FAB has been used in the analysis of 
metal clusters on a number of  occasions, there are 
few examples of  cluster analysis by PD mass spec- 
trometry. In this instance, PD mass spectrometry 
has been shown to be as useful as FAB in the mass 
spectrometric analysis of  nickel clusters. 

Acknowledyments--We are grateful to NASA (NAG-3- 

1366) and NSF (CHE-9016513 and CHE-9319173) for 
support of this work. Our thanks to Professor D. Smith 
and coworkers, especially Ms. Jocelyn Ng, for running 
FAB mass spectra. 

R E F E R E N C E S  

1. R. B. King, Pro9. lnor#. Chem. 1972, 15, 287. 
2. H. Vahrenkamp, Structure Bonding 1977, 32, 1. 
3. C. E. Housecroft, in lnorganometallic Chemistry 

(Edited by T. P. Fehlner), p. 73. Plenum, New York 
(1992). 



Nickel clusters 1137 

4. B. D. Dombek, Adv. Catal. 1983, 32, 325. 
5. D. N. Hendrickson, G. Christou, E. A. Schmitt, E. 

Libby, J. S. Bashkin, S. Wang, H.-L Tsai, J. B. Vinc- 
ent, P. D. W. Boyd, J. C. Huffman, K. Folting, Q. 
Li and W. E. Streib, J. Am. Chem. Soc. 1992, 114, 
2455. 

6. M. Ichikawa, in Advances in Catalysis (Edited by D. 
D. Eley, H. Pines and P. B. Weisz), Vol. 38, p. 283. 
Academic Press, New York (1992). 

7. P. Zanello, Structure and Bonding, Vol. 79, p. 101. 
Springer, Heidelberg (1992). 

8. E. L. Muetterties, T. N. Rhodin, E. Band, C. F. 
Brucker and W. R. Pretzer, Chem. Rev. 1979, 79, 
91. 

9. E. L. Muetterties, in The Chemistry and Physics o f  
Electrocatalysis, p. 343. The Electrochemical Society, 
Pennington, New Jersey (1983). 

10. I. Tkatchenko, D. Neibecker, D. Fraisse, F. Gomez 
and D. F. Barofsky, Int. J. Mass. Spectrom. Ion Phys. 
1983, 46, 499. 

11. M. I. Bruce and M. Liddell, J. Appl. Organomet. 
Chem. 1987, 1, 191. 

12. J. M. Miller, J. Organomet. Chem. 1983, 249, 299. 
13. K. Hegetschweiler, T. Keller, W. Amrein and W. 

Schneider, Inorg. Chem. 1991, 30, 873. 
14. Y. Siuzdak, S. V. Wendeborn and K. C. Nicolaou, 

lnt. J. Mass Spectrom. Ion Proc. 1992, 112, 79. 
15. S. G. Bott, H. Fleischer, M. Leach, D. M. P. Mingos, 

H. R. Powell, D. J. Watkin and M. J. J. Watson, 
Chem. Soc., Dalton Trans. 1991, 2569. 

16. A. D. Burrows, J. C. Machell, D. M. P. Mingos and 
H. R. Powell, J. Chem. Soc., Dalton Trans. 1992, 
1521. 

17. A. D. Burrows, J. C. Machell and D. M. P. Mingos, 
J. Chem. Soc., Dalton Trans. 1992, 1939. 

18. A. D. Burrows, D. M. P. Mingos and H. R. Powell, 
J. Chem. Soc., Dalton Trans. 1992, 261. 

19. R.C.B.  Copley and D. M. P. Mingos, J. Chem. Soc., 
Dalton Trans. 1992, 1755. 

20. R. P. Thummel and F. Lefoulon, lnorg. Chem. 1987, 
26, 675. 

21. K. Balasanmugan, R. J. Day and D. M. Hercules, 
Inorg. Chem. 1985, 24, 4677. 

22. P. Roepstorff, Acc. Chem. Res. 1989, 22, 421. 
23. R. Cotter, J. Anal. Chem. 1988, 60, 781A. 

24. P. A. van Veelen, U. R. Tjaden, J. van der Greefand 
R. Hage, Org. Mass. Spectrom. 1991, 26, 74. 

25. G. Allmaier, P. Roepstorff, K. E. Schwarzhans and 
G. Utri, Rapid Comm. Mass Spectrom. 1992, 6, 58. 

26. J. P. Fackler, C. J. McNeal, R. E. P. Winpenny and 
L. H. Pignolet, J. Am. Chem. Soc. 1989, 111, 6434. 

27. C. J. McNeal, J. M. Hughes, G. J. Lewis and L. F. 
Dahl, J. Am. Chem. Soc. 1991, 113, 372. 

28. D. A. Morgenstern, R. E. Wittrig, P. E. Fanwick and 
C. P. Kubiak, J. Am. Chem. Soc. 1993, 115, 6430- 
6431. 

29. K. S. Ratliff, P. E. Fanwick and C. P. Kubiak, Poly- 
hedron 1990, 9, 1487. 

30. D. A. Morgenstern, L. Rosenhein, P. E. Fanwick 
and C. P. Kubiak, J. Am. Chem. Soc., submitted for 
publication. 

31. K. S. Ratliff, R. E. Lentz and C. P. Kubiak, Organo- 
metallics 1992, 11, 1986. 

32. D. J. Krysan and P. B. Mackenzie, J. Org. Chem. 
1990, 55, 4229. 

33. F. Guerrieri and G. Salerno, J. Organomet. Chem. 
1976, 114, 339. 

34. J. Casanova, R. E. Schuster and N. D. Werner, J. 
Chem. Soc. 1963, 4280. 

35. The methylene signals ~, fl, and 7 to the isocyanide 
in 7 are observed at 5 = 4.4, 2.4, and 1.4 ppm respec- 
tively. The corresponding signals for 9 occur at 
6 = 4.3, 2.7, and 1.8 ppm. 

36. T. E. North, J. B. Thoden, B. Spencer, A. Bjarnson 
and L. F. Dahl, Organometallics 1992, 11, 4326. 

37. T. E. North, J. B. Thoden, A. Bjarnason and L. F. 
Dahl, Organometallics 1992, 11, 4338. 

38. L. Marko, G. Bor, E. Klumpp, B. Marko and G. 
Almasy, Chem. Ber. 1963, 96, 955. 

39. D. L. Stevenson, V. R. Magnuson and L. F. Dahl, 
Am. Chem. Soc. 1967, 89, 3727. 

40. R. J. Dellaca, B. R. Penfold, B. H. Robinson, W. T. 
Robinson and J. L. Spencer, Inor 9. Chem. 1970, 9, 
2204. 

41. B. R. Penfold and B. H. Robinson, Acc. Chem. Res. 
1973, 73. 

42. M. Rashidi, E. Kristof, J. J. Vittal and R. J. Pud- 
dephatt, Inor 9. Chem. 1994, 33, 1497. 

43. A. M. Bradford, E. Kristof, M. Rashidi, D.-S. Yang, 
N. C. Payne and R. J. Puddephatt, Inor 9. Chem. 
1994, 33, 2355. 


