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Gas-Phase Chemistry of First-Row Transition 
Metal Ions with Nitrogen-Containing Compounds 

Theoretical and Experimental Investigations 

A. Mavridis1, K. Kunze2, J. F. Harrison2, and J. Allison2 

1Chemistry Department, University of Athens, 13a Navarinou Street, Athens 
10680 Greece 

2Department of Chemistry, Michigan State University, East 
Lansing, MI 48824 

The rich gas phase chemistry of f i r s t row 
transition metal (+1) ions with ammonia, and 
organic compounds (R-X where X=NH2, CN, NO2) 
is discussed. Ongoing theoretical 
investigations into the Sc+/NH3 system are 
presented, which provide some insights into 
the bonding and energetics of a variety of 
ΜΝΗx+ complexes. 

There a r e a number o f mass s p e c t r o m e t r i c t e c h n i q u e s 
t h a t have been developed f o r t h e st u d y o f t h e low 
p r e s s u r e gas phase r e a c t i o n s o f i o n i c s p e c i e s w i t h 
o r g a n i c m o l e c u l e s . The e a r l i e s t e x p e r i m e n t s i n v o l v i n g 
i o n / m o l e c u l e r e a c t i o n s i n v o l v e d c h e m i c a l i o n i z a t i o n 
mass s p e c t r o m e t r y , and t h e most r e c e n t u t i l i z e i o n beam 
and F o u r i e r t r a n s f o r m i o n c y c l o t r o n resonance methods. 
The e a r l i e s t s t u d i e s were p r e d o m i n a n t l y o r g a n i c i n 
na t u r e . More r e c e n t l y , t h e s e methods have been used t o 
stud y o r g a n o m e t a l l i c c h e m i s t r y i n t h e gas phase. The 
v a r i o u s i o n i z a t i o n t e c h n i q u e s a v a i l a b l e i n mass 
s p e c t r o m e t r y a l l o w f o r t h e g e n e r a t i o n o f unique gas 
phase s p e c i e s i n c l u d i n g b are t r a n s i t i o n m e t a l i o n s 
(such as Co*, N i + ) and l i g a t e d s p e c i e s (such as CoCO +, 
CoNO +, N i P F 3

+ , N i C s H s
+ ) . T h e i r c h e m i s t r y w i t h s m a l l 

m o l e c u l e s and a v a r i e t y o f l a r g e r m o l e c u l e s c o n t a i n i n g 
t h e f u n c t i o n a l groups o f o r g a n i c c h e m i s t r y has been 
e x t e n s i v e l y s t u d i e d i n t h e p a s t 15 y e a r s (1) . The 
e a r l i e r s t u d i e s were l a r g e l y m e c h a n i s t i c i n n a t u r e , t o 
g a i n an u n d e r s t a n d i n g o f how p r o d u c t i o n s were formed. 
R e c e n t l y , combined e x p e r i m e n t a l and t h e o r e t i c a l e f f o r t s 
have p r o v i d e d i m p o r t a n t i n s i g h t s i n t o how t h e s e 
r e a c t i o n s o c c u r . These i n s i g h t s w i l l become, we 
b e l i e v e , t h e b a s i s f o r a f r e s h e v a l u a t i o n o f t h e 
r e a c t i v i t y o f i n o r g a n i c and o r g a n o m e t a l l i c s p e c i e s t h a t 
a r e s t u d i e d and u t i l i z e d i n condensed phases. 
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264 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Both p o l a r and n o n p o l a r o r g a n i c compounds e x h i b i t 
a r i c h c h e m i s t r y w i t h b a r e t r a n s i t i o n m e t a l i o n s ( l ) . 
S m a l l p o l a r compounds r e a c t w i t h i o n s such as Fe and 
Co +, i n a s i n g l e , b i m o l e c u l a r s t e p t o form a m e t a l -
o l e f i n complex, r e a c t i o n (1) . 

C o + + C 3H 7X -> C o C 3 H e
+ + HX (1) 

Such r e a c t i o n s have been r e p o r t e d f o r X=C1, B r , OH, SH, 
OR and even f o r X=H and R ( R = a l k y l s u b s t i t u e n t ) . The 
mechanism by which t h e s e p r o d u c t s a r e formed was 
proposed by A l l i s o n and Ridge i n 1979 (2 ) , and i s shown 
i n r e a c t i o n (2) . The r e a c t a n t s f i r s t form a complex 
(a) , which may be s i m p l y e l e c t r o s t a t i c a l l y bound. I n 
(b) , t h e t r a n s i t i o n m e t a l i o n i n s e r t s i n t o t h e p o l a r 
C-X bond ( f o r m a l " o x i d a t i v e a d d i t i o n " ) , f o l l o w e d by t h e 
s h i f t o f a H 

C o + + C 3H 7X - C 3H 7X* · -Co + - C 3H 7 - C o + - X 

(a) (b) ( c ) i 
(C 3 H e ) C o + ( H X ) (2) 

C o C 3 H e
+ + HX 

atom t h a t i s on a C which i s β t o t h e metal (0-H 
s h i f t ) , a c r o s s t h e m e t a l onto X, r e s u l t i n g i n t h e 
d e g r a d a t i o n o f t h e m o l e c u l e i n t o two s m a l l e r , s t a b l e 
s p e c i e s t h a t r e s i d e as l i g a n d s on t h e m e t a l . The l a s t 
s t e p (d) i s a c o m p e t i t i v e l i g a n d l o s s . I n t h i s 
p r o c e s s , i t appears t h a t t h e l i g a n d t h a t i s more weakly 
bound t o t h e m e t a l i s p r e f e r e n t i a l l y l o s t (2) . I n some 
c a s e s , two p r o d u c t s r e s u l t from t h i s d i s s o c i a t i o n . F o r 
example, C o + r e a c t s w i t h p r o p a n o l t o form b o t h CoH 20 
and CoC 3H e (2). W h i l e s t u d i e s o f s e r i e s o f , e.g., 
a l c o h o l s , and l a b e l i n g s t u d i e s p r o v i d e d some i n s i g h t s 
i n t o t h e mechanisms t h a t a r e o p e r a t i v e i n t h e 
c h e m i s t r y , many i m p o r t a n t q u e s t i o n s a r e d i f f i c u l t t o 
approach e x p e r i m e n t a l l y . To unde r s t a n d t h e c h e m i s t r y , 
i t i s c e r t a i n l y i m p o r t a n t t o un d e r s t a n d t h e bonding o f 
t h e m o l e c u l e s and fragments i n v o l v e d t o t h e t r a n s i t i o n 
m e t a l and t h e s t r e n g t h s o f t h e s e bonds. Many f e a t u r e s 
such as t h e d i s t r i b u t i o n o f t h e charge i n t h e v a r i o u s 
i n t e r m e d i a t e s may a l s o be i m p o r t a n t i n c o n t r o l l i n g t h e 
t y p e s o f p r o d u c t s t h a t a r e formed. Thus, t h e o r e t i c a l 
s t u d i e s a r e n e c e s s a r y t o un d e r s t a n d t h e " d r i v i n g 
f o r c e s " t h a t dominate t h e s e r e a c t i o n s and l e a d t o t h e 
r i c h c h e m i s t r y . 

The c h e m i s t r y o f p o l a r compounds c o n t a i n i n g many 
t y p e s o f f u n c t i o n a l groups and m u l t i f u n c t i o n a l o r g a n i c 
compounds, w i t h b are t r a n s i t i o n m e t a l i o n s has been 
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18. MAVRIDISETAL. Gas-Phase Chemistry of Transition Metal Ions 265 

r e p o r t e d . The r i c h e s t c h e m i s t r y c e r t a i n l y i n v o l v e s 
t h o s e f u n c t i o n a l groups t h a t c o n t a i n n i t r o g e n , and a 
few examples w i l l be p r o v i d e d h e r e . 

Stepnowski and A l l i s o n ( A ) r e p o r t e d t h e c h e m i s t r y 
o f a v a r i e t y o f t r a n s i t i o n m e t a l i o n s w i t h a s e r i e s o f 
a l k y l c y a n i d e s . W h i l e i o n s such as F e + and C o + i n s e r t 
i n t o t h e C-X bond i n many p o l a r compounds, t h e y do not 
appear t o do so f o r -X = -CN. I n s t e a d , C-C bonds a r e 
c l e a v e d , as shown f o r t h e C o + / n - p r o p y l n i t r i l e system 
i n r e a c t i o n s ( 3 ) and ( 4 ) . 

C o + + n-C 3H 7CN - CoCH sCN + + C 2H 4 ( 3 ) 

- C o C 2 H 4
+ + CH 3CN ( 4 ) 

The r e a c t i v i t y o f n i t r i l e s may be dominated by a 
number o f a s p e c t s o f t h e c h e m i s t r y i n c l u d i n g t h e f a c t 
t h a t C-CN bond d i s s o c i a t i o n energy (BDE) i s 
s u b s t a n t i a l l y l a r g e r t h a n t h e BDE's f o r C-Cl and C-OH 
b o n d s ( 4 ) . A l s o , t h e r e i s e v i d e n c e t h a t t h e geometry o f 
t h e i n i t i a l complex has a d r a m a t i c e f f e c t - an "end-on" 
i n t e r a c t i o n o f t h e m e t a l i o n s w i t h t h e n i t r i l e group 
may make i n s e r t i o n i n t o t h e C-CN bond g e o m e t r i c a l l y 
i n a c c e s s i b l e ( S ) . 

Another i n t e r e s t i n g f u n c t i o n a l group c o n t a i n i n g 
n i t r o g e n i s t h e n i t r o group. The c h e m i s t r y o f C o + w i t h 
a s e r i e s o f n i t r o a l k a n e s has been r e p o r t e d by Cassady 
e t al.(£). C o n s i d e r t h e C o + / n ~ c

3
H

7 N 0 2 system. 
F o u r t e e n d i f f e r e n t p r o d u c t s were r e p o r t e d . P r o d u c t 
i o n s such as C o ( C 3 H e ) + and C o ( H N 0 2 ) + suggested t h a t C o + 

i n s e r t e d i n t o t h e C-N0 2 bond. Other p r o d u c t i o n s such 
as C o C 3 H 7 0 + and CoNO + suggest t h a t RN0 2 may be 
c o n v e r t e d , i n p a r t , t o R0- and NO- on t h e m e t a l c e n t e r . 
Thus t h e -N0 2 group a c t i v e l y i n t e r a c t s w i t h t h e m e t a l . 
The c h e m i s t r y o f o r g a n o m e t a l l i c a n i o n s w i t h 
n i t r o a l k a n e s has a l s o been r e p o r t e d ( 7 ) . 

The c h e m i s t r y o f NO w i t h t r a n s i t i o n m e t a l i o n s has 
a l s o r e c e i v e d some a t t e n t i o n , and d e s e r v e s comment 
her e . One o f t h e f i r s t ways i n which C o + i o n s were 
ge n e r a t e d f o r mass s p e c t r o m e t r i c s t u d y was by e l e c t r o n 
impact i o n i z a t i o n o f t h e v o l a t i l e compound Co(CO) 3NO. 
I n a d d i t i o n t o Co +, i o n s such as CoCO and CoNO + were 
formed. W h i l e C o + and CoCO + i o n s f r e q u e n t l y r e a c t w i t h 
o r g a n i c m o l e c u l e s i n t h e gas phase, CoNO + i s 
u n r e a c t i v e ( f i ) . The r e a s o n f o r t h i s change i n c h e m i s t r y 
upon change o f l i g a n d was u n c l e a r , s i n c e t h e r e was o n l y 
" t r a d i t i o n a l " bonding-schemes t o c o n s i d e r a t t h e t i m e . 
However, t h e o r e t i c a l s t u d i e s show t h a t t h e CO l i g a n d i s 
not bonded t o f i r s t row t r a n s i t i o n m e t a l i o n s v i a t h e 
Dewar-Chatt model, b u t i s e l e c t r o s t a t i c a l l y bound (£,£) 
- t h u s i t ' s p r e s e n c e does not change t h e e l e c t r o n i c 
s t r u c t u r e o f t h e m e t a l . Presumably NO a c t s as a 1 o r 
3 - e l e c t r o n donor w i t h Co* (which has a 3 d 8 ground s t a t e 
c o n f i g u r a t i o n ) , so t h e CoNO + i o n has a s i n g l e u n p a i r e d 
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266 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

e l e c t r o n on t h e m e t a l , and s h o u l d not p a r t i c i p a t e i n 
r e a c t i o n s t h a t r e q u i r e an i n s e r t i o n s t e p . We a l s o n o t e 
t h a t t h e NO l i g a n d does appear t o be r e a c t i v e when 
bound t o Co 2

 + . J a c o b s o n r e p o r t e d t h e o b s e r v a t i o n 
o f r e a c t i o n (5) i n v o l v i n g CO. 

Co 2NO + + CO - C o 2 N + + CO 2 (5) 

There have been a number o f s t u d i e s r e p o r t e d 
i n v o l v i n g m e t a l i o n r e a c t i o n s w i t h amines and ammonia. 
The f i r s t o f t h e s e i n v o l v e d C o + w i t h a s e r i e s o f 
amines, r e p o r t e d by R a d e c k i and A l l i s o n i n 1984(11). 
R e a c t i o n s (6-9) were observed f o r t h e Co +/n-C 3H 7NH 2 

system· 

C o + + n-C 3H 7NH 2 - C o C 3 H 7 N + + H 2 (6) 

- C o C 3H 5N + + 2 H 2 (7) 

- CoCH 5N + + C 2H 4 (8) 

- C 3 H 8 N + + CoH (9) 

These r e s u l t s were c e r t a i n l y s u r p r i s i n g s i n c e 
i n s e r t i o n i n t o t h e C-NH2 bond was not observed, 
a l t h o u g h t h e r e a c t i o n (10) 

Co* + C 3H 7NH 2 - C o C 3 H e
+ + NH 3 (10) 

s h o u l d be e x o t h e r m i c . I t was proposed t h a t H 2 

e l i m i n a t i o n o c c u r r e d by i n i t i a l i n s e r t i o n i n t o t h e N-H 
bond. W h i l e C o + d i d not i n s e r t i n t o t h e C-NH2 bond o f 
p r i m a r y amines, i t does appear t o i n s e r t i n t o t h e C-N 
bond i n t h e t e r t i a r y amine, ( C 2 H 5 ) 3 N , and i n a l l y l 
amine. To e x p l a i n t h e f a i l u r e t o observe r e a c t i o n (10) 
i t was proposed t h a t t h e r e was a b a r r i e r a l o n g t h e 
r e a c t i o n c h a n n e l - t h a t t h e i n s e r t i o n i n t e r m e d i a t e was 
e n e r g e t i c a l l y i n a c c e s s i b l e f o r t h e r m a l energy 
r e a c t i o n s , which c o u l d o n l y be due t o a weak Co +-NH 2 

bond. The BDE would have t o be u n u s u a l l y s m a l l , < 20 
k c a l / m o l . I t has s i n c e been shown, as d i s c u s s e d below, 
t h a t t h i s i s not t h e c a s e . Another e x p l a n a t i o n may be 
t h a t Co does r e a c t w i t h , e.g., p r o p y l amine, t o form 
propene and ammonia, but t h e r e i s a b a r r i e r t o t h e 
d i s s o c i a t i o n s t e p o f ( C 3 H e ) C o + ( N H 3 ) - w h ich cannot be 
d i s t i n g u i s h e d i n t h e mass spectrum from t h e complex 
c o n t a i n i n g t h e i n t a c t m o l e c u l e , C o + ( C 3 H 7 N H 2 ) . The gas 
phase c h e m i s t r y o f a number o f m e t a l i o n s w i t h amines 
has been s t u d i e d . Babinec and A l l i s o n ( 1 2 . ) r e p o r t e d t h e 
c h e m i s t r y o f C r + , Mn +, F e + , N i + , or and Z n + w i t h 
η-propyl amine. Only F e + c l e a r l y i n s e r t e d i n t o t h e C-N 
bond, as e v i d e n c e d by t h e o b s e r v a t i o n o f t h e two 
p r o d u c t s F e N H s

+ and F e C 3 H e
+ . Mn + ( w i t h a h a l f - f i l l e d 

d - s h e l l , 3 d 5 4 s l ground s t a t e ) and Z n + ( w i t h a f i l l e d 
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d - s h e l l , 3 d 1 0 4 s 1 ground s t a t e ) were u n r e a c t i v e w i t h 
p r o p y l amine. I n c o n t r a s t , C r + ( 3 d 5 ground s t a t e ) and 
C u + ( 3 d 1 0 ground s t a t e ) were b o t h observed t o induce H 2 

e l i m i n a t i o n o n l y . S i q s w o r t h and Castleman (12) s t u d i e d 
t h e r e a c t i o n s o f Ag9" and C u + w i t h methyl amine, 
d i m e t h y l amine and t r i m e t h y l amine. I n t h e s e s t u d i e s , 
h y d r i d e a b s t r a c t i o n was observed t o y i e l d t h e (amine-
H ) + i o n and t h e MH n e u t r a l p r o d u c t . 

I n 1987, Buckner and F r e i s e r ( H ) showed t h a t C o + 

does form a s t r o n g bond t o NH 2, and d i d so as f o l l o w s . 
I n an FTMS i n s t r u m e n t t h e y formed CoOH +, which r e a c t s 
w i t h ammonia, r e a c t i o n ( 1 1 ) . 

CoOH + + NH 3 - CoNH 2
+ + H 20 (11) 

They a l s o found t h a t t h e NH 2 group can be 
d i s p l a c e d from Co* by benzene, b u t not by a c e t o n i t r i l e . 
W i th t h i s i n f o r m a t i o n , t h e y c o n c l u d e d t h a t t h e BDE f o r 
Co -NH2 i s 65 ± 8 k c a l / m o l . I n t h i s same work t h e y 
r e p o r t e d t h e c h e m i s t r y o f MNH 2

+ w i t h some hydrocarbons. 
They a l s o found t h a t FeO + r e a c t s w i t h ammonia t o form 
FeNH +, and r e p o r t e d some c h e m i s t r y f o r t h i s i o n i c 
s p e c i e s . T h e i r work suggested t h a t t h e BDE f o r FeNH 
was > 41 k c a l / m o l and < 81 k c a l / m o l . T h i s work was 
extended i n a r e p o r t by Buckner, Gord and F r e i s e r i n 
1988 ( I S ) . They found t h a t a v a r i e t y o f m e t a l i o n s 
i n c l u d i n g S c + , T i + and V + r e a c t w i t h ammonia i n an 
e x o t h e r m i c p r o c e s s by r e a c t i o n ( 1 2 ) , which s u g g e s t s 
t h a t t h e s e M+-NH bonds a r e s t r o n g e r t h a n 93 k c a l / m o l . 
The BDE f o r V +-NH was determined t o be 101 ±7 k c a l / m o l , 
and t h e BDE f o r Fe +-NH t o be l o w e r , 54 ± 14 k c a l / m o l . 

M + + NH 3 - MNH + + H 2 (12) 

They a l s o r e p o r t e d a number o f r e a c t i o n s f o r MNH+ w i t h 
n e u t r a l m o l e c u l e s . A v a r i e t y o f mechanisms f o r 
r e a c t i o n (12) was d i s c u s s e d , i n c l u d i n g d e h y d r o g e n a t i o n 
v i a d i r e c t d e c o m p o s i t i o n o f t h e i n t e r m e d i a t e s (H) 2M -NH 
and/or H-M+-NH2. 

The R e a c t i o n o f Sc+ w i t h NH 3 

Our i n t e n t i s t o g a i n t h e o r e t i c a l i n s i g h t s i n t o t h e 
i n i t i a l i n t e r a c t i o n o f M + w i t h a p o l a r m o l e c u l e , t h e 
i n s e r t i o n s t e p and r e d u c t i v e e l i m i n a t i o n by a 
s y s t e m a t i c s t u d y o f t h e i n t e r a c t i o n o f M + w i t h NH 3. We 
b e g i n h e r e w i t h S c + because i t has o n l y two v a l e n c e 
e l e c t r o n s and t h u s i t s t h e o r e t i c a l d e s c r i p t i o n and i t s 
c a l c u l a t e d i n t e r a c t i o n w i t h NH 3 and i t s fragments w i l l 
be more r e l i a b l e t h a n w i t h t h e l a t t e r t r a n s i t i o n 
elements. We w i l l f i r s t d e s c r i b e t h e S c N + c o r e and 
t h e n b u i l d up t h e v a r i o u s i n t e r m e d i a t e s by a d d i n g 
hydrogens. S p e c i f i c fragments t o be s t u d i e d i n c l u d e 
ScNH +, S c N H 2

+ , HScNH 2
+ and S c N H * . The c a l c u l a t i o n s 

w i l l i n c l u d e a l l e l e c t r o n s and w i l l use b o t h MCSCF and 
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CI t e c h n i q u e s . The b a s i s s e t s used and t h e g e n e r a l 
approach have been d e s c r i b e d p r e v i o u s l y ( 1 6 ) . 

S £ H + . 
The r e l a t i v e e n e r g i e s o f t h e low l y i n g s t a t e s o f Sc , 
Ν, NH and NH 2 a r e c o l l e c t e d i n F i g u r e 1. Because t h e 
e x c i t e d s t a t e s o f Ν ar e much h i g h e r i n energy t h a n 
t h o s e o f S c + we w i l l c o n s i d e r t h e s t a t e s o f ScN which 
c o r r e l a t e t o t h e ground s t a t e o f Ν and t h e s d and d 2 

c o n f i g u r a t i o n o f S c + ( 1 £ ) . As S c + i n an sd 
c o n f i g u r a t i o n approaches Ν we can imagine f o r m i n g a σ 
bond between t h e 4s e l e c t r o n on S c + and a 2p σ e l e c t r o n 
on Ν and a π bond between t h e 3 d x z and 2 ρ χ e l e c t r o n s . 
T h i s l e a v e s an u n p a i r e d e l e c t r o n on Ν i n t h e 2 p y 

o r b i t a l and r e s u l t s i n a 2Π s t a t e r e p r e s e n t e d by 

I t i s o n l y a t l a r g e ScN s e p a r a t i o n s t h a t t h e Sc 
e l e c t r o n i n t h e a bond i s pure 4s. As t h e bond forms 
o t h e r o r b i t a l s on Sc o f a symmetry mix i n t o t h e bonding 
o r b i t a l . T h i s i s seen most v i v i d l y i n F i g u r e 2a which 
shows t h e o c c u p a n c i e s o f v a r i o u s a t omic o r b i t a l s i n t h e 
2 Π s t a t e o f S c N + as a f u n c t i o n o f s e p a r a t i o n . A t 
e q u i l i b r i u m t h e atomic o r b i t a l s i n t h e σ bond have t h e 
occupancy 

(4s°-° 4p/-° 3 d a ° - e e ) S c ( 2 P < 7
l - 2 8 ) N 

and t h e 4s o r b i t a l has gone from an occupancy o f 1 t o 
0. I n t e r e s t i n g l y t h e π bond occupancy i s e q u a l t o t h a t 
o f t h e a bond 

< 3 d xz°- e i>Sc< 2 Px l' 2 e>N 
w h i l e t h e u n p a i r e d e l e c t r o n remains e s s e n t i a l l y 
l o c a l i z e d on N. 

P d y ^ - ^ J s c U P y 0 * ' 1 ) » 
The n e t r e s u l t i s t h a t S c + l o o s e s 0.49 e l e c t r o n s 

t o Ν r e s u l t i n g i n t h e charge d i s t r i b u t i o n 
+ 1 * 6 1 S c Ν - 0 · 4 β . 

I f we break t h e η bond i n t h i s s t a t e and p l a c e t h e 
h i g h s p i n e l e c t r o n on Sc i n a d i + o r b i t a l we w i l l form 
a 4Δ^. s t a t e . 
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60 

50 

_ 40 
ο 
s 
^ 30 « ο 
UJ 20 
< 

10 

2 p 3 ( 2 D ) 
(55) 

(36) σ 2 π 2 ( * Δ ) 
σ π 2 ( 2 A t ) 

(32) 

τ ι 3d 2 (3 F ) 

( 6 9 ) _4s3d( lD)_ 

2 p 3 ( 4 S ) σ 2 π 2 ( 3 Σ ~ ) σ 2 π ( 2 Β ! ) 4s3d(3D) 

NH NH- Sc1 

F i g u r e 1. R e l a t i v e Energy L e v e l s ( k c a l / m o l " 1 ) o f N(i£), 
NH(20), NH 2(21) and S c + ( 1 2 ) . 

c ο 
ο 
D Q. Ο CL 

1.4-

1.2H 

1.0-

0.8· 

0.6· 

0.4 

0.2 

0.0 

Ν p x > J / 

l \ 
Ι ' 

a 

I i 
Ν Pŷ V|'7 

ν / 
. ^ S c + 4s 

Tronafer | \ 

• Sc+ d ' 
\ ScN + 2 Π \ ScN + 2 Π 

0.0 2.0 4.0 6.0 8.0 10.0 

R(Sc-N) (au) 

1.4· 

1.2· 

1.0 

0.8 

0.6 

0.4-

0.2-

0.0 

Ν ρ σ ^ ' / - S e * όΉ 

Chorge 
Transfer | \ 

Sc + d, 

0.0 2.0 4.0 6.0 8.0 10.0 

R(Sc-N) (au) 

F i g u r e 2. O r b i t a l occupancy as a f u n c t i o n o f 
i n t e r n u c l e a r d i s t a n c e f o r S c N + i n t h e a) 2Π 
and b) 2 Σ + s t a t e s . 
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I n a s i m i l a r way we can c o n s i d e r s t a t e s o f S c N + 

which c o r r e l a t e t o t h e d 2 ( e x c i t e d ) s t a t e o f S c + . F o r 
example t h e 2 Σ + s t a t e has a π, * double bond and an 
u n p a i r e d e l e c t r o n on Ν i n t h e σ system 

[ *v* Γ 
I f we break a π bond i n t h i s s t r u c t u r e and p l a c e 

t h e t h e n uncoupled d* e l e c t r o n i n a do* ± o r b i t a l we have 
S c N + i n a 4 Φ s t a t e h e l d t o g e t h e r by a s i n g l e η bond 

C o n f i g u r a t i o n i n t e r a c t i o n c a l c u l a t i o n s on t h e s e f o u r 
s t a t e s r e s u l t i n t h e p o t e n t i a l c u r v e s shown i n F i g u r e 
3. The o r b i t a l p o p u l a t i o n s i n t h e 2 Σ + s t a t e a r e shown 
i n F i g u r e 2b and t h e p r o p e r t i e s o f a l l f o u r s t a t e s a r e 
summarized i n T a b l e I . 

T a b l e I . C a l c u l a t e d P r o p e r t i e s o f S e v e r a l 
S t a t e s o f ScN* 

S t a t e Lewis D c (kcal/molϊ R cfÀ) ω^,ίοιη"1 ) OfSc) 

2 Z + ( d 2 ) S c Z N ^ ° 
π 

63.0 1.738 871 + 1.51 

2 n x ( s d ) * π */ Ρ χ 

Se r Ν σ 55.3 1.804 811 + 1.51 

4 A ( s d ) 26.8 2.101 534 +1.46 

4Φ(ά 2) 21.1 1.979 674 +1.47 

Note t h a t a l l D 's a r e r e p o r t e d r e l a t i v e t o t h e ground 
s t a t e s o f S c + ( 3 D ) and N ( 4 S ) . Most i n t e r e s t i n g l y , t h e 
ground s t a t e i s t h e 2 Σ + which c o n t a i n s two π bonds and 
which c o r r e l a t e s w i t h t h e e x c i t e d d 2 c o n f i g u r a t i o n o f 
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Sc . I t i s a l s o noteworthy t h a t t h e charge on Sc , Q, 
i s independent o f t h e number and t y p e o f f o r m a l bonds 
i n t h e m o l e c u l e . 

ScNH+ 
We can imagine ScNH + b e i n g formed by a d d i t i o n o f a H t o 
e i t h e r t h e 2 Σ + o r 2 n s t a t e o f S c N + . 

o r 
Sc -Η·*[ 2Σ*] • ·Η[ 25] 

Ρ 
Sc » Ν —Η* J 1 Σ* 

Se » Ν * [ 2 Π ] • ·Η [ 2S J 
Η 

O p t i m i z i n g t h e s t r u c t u r e o f t h i s system a t t h e CI 
l e v e l r e s u l t s i n t h e l i n e a r s t r u c t u r e w i t h a +ScN-H 
d i s s o c i a t i o n energy o f 118.5 k c a l / m o l (Kunze, K.L. and 
H a r r i s o n , J.F., MSU, u n p u b l i s h e d r e s u l t s ) . T h i s i s a 
remarkably s t r o n g NH bond ( f r e e NH has a o f 80 
k c a l / m o l and we r e q u i r e 108 k c a l / m o l t o break t n e f i r s t 
N-H bond i n NH 3). 

The reason f o r t h i s enhanced NH bond s t r e n g t h i s 
apparent when one a n a l y z e s t h e e l e c t r o n d i s t r i b u t i o n i n 
t h e ScNH + m o l e c u l e and compares i t w i t h S c N + and NH. 
T h i s a n a l y s i s shows t h a t when H bonds t o S c N + t h e Ν 2s 
o r b i t a l l o s e s 0.45 e l e c t r o n s , t h e Η I s l o s e s 0.17e and 
t h e Ν 2ρ σ o r b i t a l g a i n s 0.30 e l e c t r o n s . I f , f o r 
bookkeeping purposes, we assume a l l o f t h e e l e c t r o n s 
l o s t by Η go i n t o t h e Ν 2ρ α and t h a t t h e r e m a i n i n g g a i n 
i n t h e Ν 2ρ σ comes from t h e Ν 2s, t h e n we can a l l o t t h e 
r e m a i n i n g 0.32 e l e c t r o n s l o s t by t h e Ν 2s t o t h e σ 
o r b i t a l s on S c + . T h i s a c c o u n t s n i c e l y f o r t h e i n c r e a s e 
o f 0.33 e l e c t r o n s i n t h e S c + σ system and s u g g e s t s t h a t 
t h e enhanced N-H bond s t r e n g t h i n ScNH + i s due t o a 
s i g n i f i c a n t d a t i v e bond formed between Sc and t h e Ν 2s 
e l e c t r o n p a i r . A l t e r n a t i v e l y , we may imagine f o r m i n g 
ScNH + v i a t h e l o w e s t s t a t e ( 3F) o f t h e e x c i t e d d 2 

conf i g u r a t i o n . 

S c + ( 3F) + NH (3Σ~) - ScNH + (*Σ+) 

The S c + - NH bond s t r e n g t h i s c a l c u l a t e d t o be 
105.9 k c a l / m o l r e l a t i v e t o t h e ground s t a t e fragments 
(Kunze, K.L. and H a r r i s o n , J .F., MSU, u n p u b l i s h e d 
r e s u l t s ) , which s h o u l d be compared w i t h r e c e n t r e s u l t s 
by Armentrout e t a l . (Armentrout, P., U n i v . o f Utah, 
p r i v a t e communication, 1989) s u g g e s t i n g a Sc +-NH bond 
s t r e n g t h o f 118 k c a l / m o l . T h i s Sc +-NH c a l c u l a t e d bond 
s t r e n g t h i s 43 k c a l / m o l s t r o n g e r t h a n t h e 63 k c a l / m o l 
c a l c u l a t e d f o r t h e S c N + bond i n t h e 2 Σ + s t a t e . Note 
t h a t t h e c a l c u l a t e d N-H bond s t r e n g t h i n ScN +-H i s a l s o 
43 k c a l / m o l s t r o n g e r t h a n t h e 75.5 k c a l / m o l c a l c u l a t e d 
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bond s t r e n g t h i n NH. T h i s s y n e r g i s t i c r e l a t i o n s h i p 
between t h e N-H and Sc-N bonds i n ScNH + i s a 
consequence o f t h e freedom g i v e n t o t h e a system by t h e 
u n u s u a l π, π double bond between t h e m e t a l and N. As Η 
bonds t o t h e ρσ e l e c t r o n on Ν c o n s i d e r a b l e 2s c h a r a c t e r 
i s mixed i n t o t h e NH bonding o r b i t a l . T h i s 
h y b r i d i z a t i o n not o n l y s t r e n g t h e n s t h e N-H bond bu t t h e 
companion o r b i t a l which p o i n t s toward t h e Sc 
s i m u l t a n e o u s l y s t a b i l i z e s t h e ScN bond by a d a t i v e 
i n t e r a c t i o n . The 2 Σ + s t a t e r e p r e s e n t e d above i s more 
a c c u r a t e l y w r i t t e n as 

The ground s t a t e o f NH 2 i s o f 2 B X symmetry and i s 
c h a r a c t e r i z e d by a σ2πι e l e c t r o n i c c o n f i g u r a t i o n and an 
NH 2 a n g l e o f 104°, whereas, t h e f i r s t e x c i t e d s t a t e i s 
o f 2A X symmetry and i s 32 k c a l / m o l above t h e ground 
2 B X . I t i s c h a r a c t e r i z e d by a σ 1* 2 e l e c t r o n i c 
c o n f i g u r a t i o n and an a n g l e o f 144° 

We may imagine t h e ground s t a t e o f NH 2 r e a c t i n g 
w i t h e i t h e r t h e ground o r e x c i t e d s t a t e o f S c + t o form 
a d o u b l e t w i t h a n o n p l a n a r s t r u c t u r e i n which t h e 
bonding e l e c t r o n on S c + i s f o r m a l l y e i t h e r 4s o r 3άσ. 

A l t e r n a t i v e l y we can imagine t h e ground s t a t e o f 
NH 2 r e a c t i n g w i t h t h e 3d 2 c o n f i g u r a t i o n o f S c + t o form 
t h e p l a n a r m o l e c u l e h a v i n g a π bond and a ( d a t i v e ) σ 
bond. The u n p a i r e d e l e c t r o n on Sc would most l i k e l y be 
i n a S± o r b i t a l t o o p t i m i z e t h e a b i l i t y t o form a π and 
d a t i v e " a bond. 

J.F., MSU, u n p u b l i s h e d work) p r e d i c t t h a t t h e ground 
s t a t e o f S c N H 2

+ i s o f 2 A 2 symmetry and t h a t i t i s 
p l a n a r w i t h t h e geometry 

ScNH 2
 + 

+ S c «- N-H ( 1Σ +) 

[ • S C « N ^ H > 0 7 ° 1 
1 9 β / ι . ο Γ Η J 
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Only s m a l l e n e r g i e s a r e r e q u i r e d t o d e v i a t e from 
t h e p l a n a r s t r u c t u r e . Our c a l c u l a t i o n s suggest t h a t 
0.3 k c a l / m o l i s r e q u i r e d t o move Sc 10* out o f p l a n e 
and 0.9 k c a l / m o l t o move i t 20*. 

The e l e c t r o n d i s t r i b u t i o n a t e q u i l i b r i u m s u g g e s t s 
t h a t Sc has a t o t a l charge o f +1.51 h a v i n g l o s t 0.49 
e l e c t r o n s t o t h e NH 2 group. The e l e c t r o n s r e m a i n i n g on 
Sc a r e d i s t r i b u t e d as f o l l o w s 

4 s 0 .0 6 4 p 0.0 4 p 0 .0 7 3 d 0 .1 e 3 ( j 0 . 2 2 3 ( j 1 .0 0 

We c a l c u l a t e t h e +Sc=NH 2 bond d i s s o c i a t i o n energy 
f o r t h e 2A^ s t a t e t o be 79 k c a l / m o l w h ich compares 
f a v o r a b l y w i t h t h e 85 k c a l / m o l r e c e n t l y d e t e r m i n e d by 
Armentrout e t a l . (Armentrout, P.Β., U n i v . o f Utah, 
p r i v a t e communication, 1989). The l o w e s t 2Al s t a t e has 
t h e u n p a i r e d e l e c t r o n i n a 5 + o r b i t a l and i s 
e s s e n t i a l l y degenerate w i t h t h e ground 2 A 2 s t a t e . The 
l o w e s t 2 B 2 s t a t e has a D e o f 70 k c a l / m o l and r e s u l t s 
when t h e u n p a i r e d e l e c t r o n i s i n a d * y o r b i t a l . 
P l a c i n g t h e u n p a i r e d e l e c t r o n i n a d * x o r b i t a l r e s u l t s 
i n t h e 2BX s t a t e which i s 22 k c a l / m o l above t h e 2 A 2 

ground s t a t e . We have a l s o i n v e s t i g a t e d s e v e r a l 
q u a r t e t s t a t e s which a r e bound by -30 k c a l / m o l , 
p r i m a r i l y by c h a r g e - d i p o l e i n t e r a c t i o n s . 

SçHH»* 
Three isomers w i t h t h i s f o r m u l a a r e r e l e v a n t . The 
f i r s t i s a c h a r g e - d i p o l e complex i n which NH 3 i s 
i n t a c t . T h i s complex i s bound r e l a t i v e t o ground s t a t e 
fragments by 36.8 k c a l / m o l . 

The second isomer i s t h e i n s e r t i o n p r o d u c t 
H-Sc-NH 2 . G e n e r a l i z e d V a l e n c e Bond c a l c u l a t i o n s on 
t h i s system suggest t h a t i t i s bound r e l a t i v e t o S c + + 
NH 3 by 16 k c a l / m o l . The geometry i s 

The t h i r d isomer i s t h e e l e c t r o s t a t i c complex 
( H 2 ) S c N H + t h a t i s bound r e l a t i v e t o S c + + NH 3 by 14 
k c a l / m o l . I n t e r e s t i n g l y t h e H 2 m o l e c u l e i s bound t o 
t h e ScNH + i o n by 5 k c a l / m o l . 

Summary o f E n e r g e t i c s 
The r e l a t i v e e n e r g i e s o f t h e v a r i o u s p r o d u c t s o f t h e 
r e a c t i o n o f S c + ( 3D) w i t h NH 3 a r e c o l l e c t e d i n F i g u r e 
4. T h i s f i g u r e was c o n s t r u c t e d u s i n g t h e e n e r g i e s 
d i s c u s s e d i n t h e p r e v i o u s s e c t i o n as w e l l as b i n d i n g 
e n e r g i e s o f S c H + and ScH 2

+(l£) r e p o r t e d e a r l i e r . 
E n e r g i e s determined e x p e r i m e n t a l l y a r e shown i n 
p a r e n t h e s e s . 
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•277 
Se1"* Ν • 3Η· ν 

+214 

Sc + ( 3 D )+NH3 > Products 

ScN*+3H* +201 
Sc* + ΝΗ+2Η· 

104 (115) 

• 108 
Sc+ + ΝΗ 2+Η· 

78(85) 

+97 

106(119) 

•95 
ScH^+NH ScNH*+2H* 

ScH*+NH2 

-37 
| _ Sc4"** NH3(ion-dipole) 

F i g u r e 4. Summary o f E n e r g e t i c s f o r S c + + NH 3. 
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These c a l c u l a t i o n s suggest t h a t b o t h t h e i n s e r t i o n 
p r o d u c t H-Sc-NH 2

+ and t h e complex H 2
# e , S c N H + a r e 

ex o t h e r m i c p r o d u c t s o f t h e r e a c t i o n o f Sc w i t h NH 3. 
The i n s e r t i o n p r o d u c t i s formed e x o t h e r m i c a l l y because 
t h e Sc-NH 2 bond s t r e n g t h and t h e Sc-H bond s t r e n g t h a r e 
l a r g e and a b l e t o overcome t h e 108 k c a l / m o l r e q u i r e d t o 
break a N-H bond i n NH 3. Our c a l c u l a t i o n s suggest t h a t 
t h e +Sc-NH 2 bond i s s t r o n g because: 
1. The NH ? group donates charge t o t h e t r a n s i t i o n 

m e t a l i o n v i a t h e σ2 p a i r on N. T h i s d a t i v e 
i n t e r a c t i o n i s o p t i m i z e d when t h e r e a r e no 4s o r 
3da e l e c t r o n s on t h e m e t a l . 

2. The m e t a l donates charge t o t h e π o r b i t a l o f t h e 
NH 2 group. T h i s t r a n s f e r i s o p t i m i z e d when t h e r e 
i s one d* e l e c t r o n i n t h e * system b e i n g c o u p l e d 
w i t h t h e NH 2 π o r b i t a l . 
I n t e r f e r i n g w i t h e i t h e r o f t h e s e mechanisms w i l l 

reduce t h e m e t a l - NH 2 bond s t r e n g t h and c o n s e q u e n t l y 
t h e p o t e n t i a l f o r an ex o t h e r m i c H-M-NH2

+ i n s e r t i o n 
p r o d u c t . L i k e w i s e r e d u c i n g t h e metal-H bond s t r e n g t h 
would a l s o reduce t h e p o s s i b i l i t y o f an ex o t h e r m i c 
i n s e r t i o n p r o d u c t . 

F o r example, Co"1" i s a d e system and r e g a r d l e s s o f 
th e c o n f i g u r a t i o n o f t h e e l e c t r o n s i n t h e ground 3 F 
s t a t e one w i l l always have a t l e a s t one e l e c t r o n , i n a 
da o r b i t a l . C o nsequently t h e p l a n a r c o n f i g u r a t i o n i s 
not o b v i o u s l y b e t t e r t h a n t h e s i n g l y bonded non p l a n a r 
s t r u c t u r e 

and, as a r e s u l t , t h e M-NH2 bond s t r e n g t h w i l l be 
s m a l l e r f o r Co t h a n Sc. So w h i l e S c + and Co* b o t h have 
two s i n g l y o c c u p i e d d o r b i t a l s C o + i s l e s s 
e n e r g e t i c a l l y f a v o r e d t o r e a c t w i t h NH 3 t o form 

H - Co - NH 2
+. 

S i m i l a r c o n s i d e r a t i o n s a p p l y t o t h e ex o t h e r m i c 
p r o d u c t s H 2 + ScNH +. I n t h i s case t h e e x o t h e r m i c i t y 
r e s u l t s from t h e s t r o n g M-NH bond which a r i s e s from: 
1. Each 2ρ π e l e c t r o n on Ν bonding t o a s i n g l y 

o c c u p i e d o r b i t a l on S c * and 
2. The l o n e p a i r on Ν bonding t o t h e empty 4s, 3d 

o r b i t a l s on Sc. 
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I t i s n ot p o s s i b l e f o r C o + t o s a t i s f y b o t h o f 
t h e s e c o n d i t i o n s s i m u l t a n e o u s l y and c o n s e q u e n t l y , CoNH + 

s h o u l d have a r e l a t i v e l y weak Metal-NH bond s t r e n g t h . 
The p r o c e s s 

C o + + NH 3 - Co=NH + + H 2 

w i l l be l e s s e x o t h e r m i c i f t h e Co=NH + bond s t r e n g t h i s 
l e s s t h a n 90 k c a l / m o l . 
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