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ABSTRACT

In Part I of the dissertation, the kinetics of reactions of 

Ni(CO)4, C o N O ( CO)and Fe(NO)2 (CO)^ with several bidentate ligands 
containing Group V donor atoms are examined. These substitution 
reactions are two-step processes resulting in disubstituted derivatives, 

M(NO)x (C0)2-xL2' wbich two molecules of CO are replaced by the 
chelate, •

Reactions of Ni(CO)^ with 1,10-phenanthroline, o-phenylenebis- e 
(dimethylarsine), cis-l,2-bis(dimethylarsino)ethylene, and 1,2-bis- 
(diphenylarsino)ethane proceed by two consecutive, first-order steps.

The first step- is dissociative, giving NiCCO)^, which is rapidly 
attacked by one of the donor a tome of the bidentate ligand. The second 

step occurs with associative activation, in which the other donor atom 
of the chelate attacks the metal and displaces a second CO molecule.
The rate of ring closure increases with increasing basicity of the 

attacking donor atom, but steric requirements of the entering group may 
also influence the rate.

For reactions of CoNO(CO)^ and Fe(NO)2(CO)^, the second, ring
closing step is very much faster than the first step, and so the first 

step is rate-determining. A two-term rate law is obtained for CoNO (CO) ̂  
reactions, involving parallel first- and second-order paths for the 

first step. For reaction of Fe (NO) ̂  (CO) ̂  with phenanthroline, the 
first step involves only a second-order, associative path. Reactions

xi
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of Fe(WO)2Cco)2 with diarsine ligands give results that are not well 
understood.

In Part II of the dissertation, several new palladium(II) 
complexes of 1,10-phenanthroline are prepared and characterized by 
elemental analyses and infrared spectroscopy. Nitrogen-14 nuclear 

quadrupole resonance (NQR) spectra are determined for five new . ■
complexes, as well as eight previously known complexes, all square- 
planar Pd(phen)compounds, The NQR data, as well as thermal 
stability data for these compounds, are analyzed in terms of ligand- 
metal a- and TT-bonding.

Pd(phen)X compounds are constrained to a cis-configuration. z ---
Thermal stability data show they are most stable when X ligands, 
trans; to phenanthroline, are capable . of accepting- TT-electron density 
from palladium. This indicates that the TT-component of palladium- 

phenanthroline'interaction is unimportant, and the Pd-N bond is mainly 
a a-bond.

14An analysis of phenanthroline N NQR data of thirteen compounds, 
based on Townes-Dailey theory, indicates Pd-N TT-bonding is occurring 
and may be an important part of the interaction between palladium and

phenanthroline.
14N NQR signals are also obtained for ligands trans to phenan

throline that contain nitrogen. These data are in good agreement with 
structural data obtained from infrared spegtra and known bonding modes 

of the ligands.



PART I

A KINETICS STUDY OF THE REACTION OF METAL CARBONYLS 
WITH BIDENTATE LIGANDS

1



CHAPTER 1 

INTRODUCTION— I

The discovery of Ni (CO)^ by Mond, Danger, and Quincke (1) in 
1890, followed one year later by the discovery of Fe(CO)^ (2)f began a 
fifty year search for other transition metal carbonyls (3 f ppe 1-28)• 
Interest in this research increased with the discovery of the catalytic 
properties of cobalt carbonyl (4), and the field grew immeasurably with 
the subsequent development of metal carbonyl derivatives. Many of the 
new carbonyl and carbonyl derivatives were.found /to be catalysts for 

a variety of organic syntheses. The question of how these metal 
carbonyls functioned as catalysts led to kinetics studies of their 

reactions, for kinetics is the general method used to study the overall 
mechanism of a reaction. Because the organic reactions are complex (the 

hydroformy1ation reaction— the synthesis of aldehydes and alcohols from 

olefins, carbon monoxide, and hydrogen in the presence of cobalt 
carbonyl catalysts— has been extensively studied for more than twenty 
years [5, p. 45]), kinetics studies have focused on simpler systems. 

Substitution reactions of metal carbonyls occur fairly readily, and 

these reactions have received much study over, the past fifteen years.

The mechanisms of the substitution reactions of noncarbonyl 

metal complexes were being investigated during this time also. These 
studies were mostly on octahedral and square-planar complexes. The 

mechanisms of the substitution reactions of noncarbonyl tetrahedral

2



3
metal complexes have received little attention (6f p„ 435}. Tetrahedral

compounds of metal carbonyls are fairly common. Kinetics studies of
the substitution reactions of the isoelectronic and tetrahedral
complexes Ni (CO) ̂ , CoNO (CO) ̂ , and Fe (NO) ̂  (CO) ̂  are numerous«, These
substitution reactions are comparable to the well known substitution

3reactions of organic compounds at tetrahedral sp carbon. Analogy is 
frequently made with substitution at carbon including types of 
mechanisms, and structures of transitions states and intermediates.

- Monosubstitution Reactions
The substitution reactions of Ni(CO)^ with various ligands L, 

equation [1], proceed at a rate independent of the incoming ligand (7).

Ni (CO) + L Ni (CO) 3L t CO [1]

A dissociative mechanism is postulated for these reactions in which 

the rate-determining step is the dissociation of a carbon monoxide 
group to form a three-coordinate intermediate. Rapid attack on this 
intermediate by the ligand L gives Ni ( C O ) a n d  the mechanism is said 

to be SI.
The substitution reactions of Fe (NO)^(CO) f equation [2],

Fe (NO) g (CO) 2 + L -> Fe (NO) 2 (CO) L + CO [2]

proceed at a rate which is dependent on the concentration of the 

incoming ligand (8, 9) . . An associative mechanism is postulated for 

these reactions with the rate determining step being nucleophilic 

attack of the ligand L on the central metal. The intermediate is then
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five-coordinate and the mechanism is comparable to the 3 ^ 2 case for 
carbon.

For the cobalt case (10), equation [3], the substitution

CoN0(C0)3. + L -> CoN0(C0)2L + CO [3]

C ' 'reactions give a two-term rate law, equation [4]. The proposed

Rate = k [CoNO(CO)33s--+ k [CoNO(CO)- ] .[L] [4]

mechanism involves both dissociative and associative paths occurring at 
the same time at a comparable rate. This change in behavior can be 
explained by the progressive replacement of CO by NO from Ni(CO)^ to 

Fe(NO)2 (CO)2, and by the difference between CO and NO as ligands. In 
order to tibey the effective atomic number rule, nitric oxide must be 

viewed as a three-electron donor, whereas carbon monoxide is a normal 

two-electron donor. Replacing a CO group with an NO group then gives 
the metal a formal negative charge. This increases the back-TT-bonding 
to the remaining carbonyl groups, increasing.the strength of the metal- 
carbon bond, and decreasing the possibility of metal-carbon bond 

breaking in a dissociative first step (11). Therefore the substitution 
reactions of Ni(CO)^ are first-order, dissociative processes, and the 
reactions of Fe(NO)2 (CO)^ require assistance from the entering nucleo

phile to break the metal-carbon bond, and are second-order.
Two final things should be mentioned about the equations [1] to 

[3]. First, in all cases, CO rather than NO is replaced by the ligand 

L. This is a well known observation (12) and with one possible 

exception (13) there is no known direct substitution of a nitrosyl
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groupo Second, the reactions depict the replacement of only one carbon 
monoxide group by a monodentate ligand. These.are the reactions that 
have been extensively studied kinetically. Kinetics studies of the 
reactions of these metal carbonyls with bidentate ligands L^, e.g., 

equation [5], in which two CO groups are replaced by the bidentate 
ligand are lacking.

CoNO(CO)3 + -> CoNO(CO)L2 + 2CO ■ [5]

Relatively few metal carbonyl compounds are important in them
selves. Their value has been as "chemical intermediates, as catalysts 
for organic syntheses. The importance of the question how and why the 
metal carbonyls react as they do can be seen in the statement of 
Calderazzo, Ercoli, and Natta (14, p. 6), "the synthesis of complex 

organic systems from simple ones has to be related to the possibility 
of the catalyst forming intermediates of relatively low energy and 

kinetically labile with respect to the end products." The same question 

of how and why chemical reactions proceed as they do is the basis of 
chemical kinetics. The importance of studying the kinetics of the 
reactions of the metal carbonyls then becomes clear.

Purpose

The purpose of this work is to study the kinetics of the reac
tions of the metal carbonyls Ni(CO)^, CoNOCCO)^, and Fe(NO)2 (CO)2 with 

several different bidentate ligands in solution. This kinetics study 

will be compared to the kinetics of the monodentate substitution reac
tions of these metal carbonyls.



CHAPTER 2

EXPERIMENTAL—  I

Chemicals

Solvents

Two different solvents were used, o-xylene and decalin 
(decahydronapthalene). They were obtained from several manufacturers 
and were always reagent or AR grade. They were allowed to stand over 
4 A molecular sieves for several days prior to being distilled in a 

nitrogen atmosphere. Both were stored over molecular sieves and pro
tected from exposure to air at all times.

Metal Carbonyls

Ni (CO) ̂  was purchased. from the Matheson Company and was used 

without further purification. CoNO(CO)^ was prepared by the method of 
Gilmont and Blanchard (15) . It was purified by trap-to-trap distilla

tion on a vacuum line and identified by its infrared spectrum.

Ee (NO) g (CO) g was prepared by the method of King (16, pp. 167-168) . It 
was purified and identified in the same manner. Both, these compounds 

were stored under vacuum in foil wrapped ampoules at -78° prior to use.

Ligands
1,10-Phenanthroline monohydrate was prepared as previously 

described (17). Anhydrous 1,10-phenanthroline was obtained by drying

6



• the monohydrate in an Abderhalden apparatus at 80° for 24 hourse Its 
melting point was 117° (lit, 117°) (18, p. C-420).

Both o-phenylenebis(dimethylarsine) (19) and cis-l,2-bis- 
(dimethylarsino)ethylene(20) were prepared as in the literature. They 
were vacuum distilled prior to use.

1,2-Bis(diphenylarsino)ethane was prepared by the method of 
Hewertson and Watson (21) . It was recrystallized twice from ethanol 
and gave a melting point 96-99°. The reported melting point was 100- 
101°. Triphenylphosphine was purchased from Aldrich Chemical Company 
and was used without further purification. The structures of the 
bidentate ligands are shown in Figure 1.

Kinetics Procedure

All solvents and reactants were protected from exposure to 
atmospheric oxygen at all times. This was accomplished by the use of 
an inert atmosphere box, a vacuum line, serum caps, and hypodermic 
needles in preparing the solutions. Once the solutions were prepared, 

they were stored in foil wrapped flasks in the nitrogen filled glove 
box. Very little decomposition was noted in the metal carbonyl solu
tions even after storage for up to two months.

The apparatus used for following the reactions is shown in 

Figure 2. This apparatus could be placed in the glove box and the 

ligand and carbonyl substrate solutions measured out in a nitrogen 
atmosphere. An 8 ml sample of the ligand solution was always placed 

in the upper addition bulb» The carbonyl substrate solution was always 

5 ml and in the bottom reaction flask. In a typical run, once the
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o-Phenylenebis(dimethylarsine) cis-l,2-Bis(dimethylarsino)ethylene

DAS EDAS

HA- As c6h5

CH 
I 2 CH2
Ash5c6' c6h5

1,2- Bis(diphenylarsino)ethane 1,10-Phenanthroline

diars phen

Figure 1. Structures and Abbreviations of the Bidentate Ligands
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TO VACUUM

STOPCOCK

STOPCOCK

MANOMETER

REACTION FLASK

Figure 2. Reaction Vessel



10
solutions had been measured out and the apparatus reassembled, it was 

removed from the glove box and immersed * in a large constant tempera
ture bath that could be controlled to t 0.01°. The solutions were 
allowed to come to temperature equilibrium with the bath and vacuum was 
started on the side arm. Both stopcocks were opened at the same time, 
the ligand solution being pulled into the flask containing the sub
strate. When all of the ligand solution was in the reaction flask, and 
the side arm manometer registered 10-20 mm Hg, both stopcocks were 
closed and stirring and timing begun. Stirring was accomplished by 
means of an underwater magnetic stirrer and a small magnetic stirring 

bar in the reaction flask. The rate of the reaction was followed by 
observing the rise in. pressure due to carbon monoxide liberation.

All kinetics runs were done under pseudo-first-order conditions, 
using at least a sixfold excess of ligand. The concentration of the 

carbonyl substrate was approximately 6 x 10  ̂M. The reactions were' 
carried out in the dark by wrapping the reaction flasks with foil, and 
were followed to at least 70% completion. The infinite time pressures 
were in good agreement with the calculated pressures based on substitu
tion of two carbon monoxide groups by the bidentate ligands»

Identification of Products
The reaction products of the substitution reactions of the metal 

carbonyls with the bidentate ligands, the disubstituted derivatives, 
were not isolated. Several of these disubstituted derivatives have 

been previously reported in the literature. When this was the case 

for the reaction product of a kinetics run, the infrared spectrum of

>
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the final reaction mixture was compared to the spectrum of the known 
derivative. When the reaction product had not been previously reported, 
the infrared spectrum of the final reaction mixture was recorded. The 
proper number and location of C-0 and/or N-0 stretches and a pressure 
rise showing two CO groups replaced was taken as sufficient evidence 

of disubstitution. The infrared spectra of the final reaction mixtures 
were recorded on a Perkin-Elmer Model 337 spectrophotometer using 
ligand solutions without metal carbonyl in the reference beam.

Treatment of Data

Equation [6] shows the substitution reactions with bidentate

M (NO) (CO) . + L. -> M (NO) (CO) 0 L0 + 2COx 4-x 2 x 2-x z

ligands considered as a one-step process. If the carbonyl species, 
M(NO)x (CO)4_x, is denoted as A and the ligand, as B, under pseudo-
first-order conditions;

Kate - r| r 1 - kobs<s)

d(A)
(A) -k dt. obs

Integrating,

dCA)
(A)

t
- / kobs

In [(.A,) - (A ) ] = -k t. In (&,) = -k' t '+ const, t 0 ODS t obs

Substituting the following expressions.
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(CO) (CO)
—  = ^  A^

(CO)_ - (CO)
CAt)

In[(CO) - (CO).] = -k , t + const- 00 t obs

Since the amount of carbon monoxide liberated is directly proportional 
to the pressure change.

In(P - P,) = -k , t + const” 00 t obs

1Ogi0(P=o - Pt)
~kQbst
2.303 + const”.

A plot of log^Q (P^ - P^) against t gives a straight line with a slope of

-k , /2.3 03. obs
The .k^g values for different ligand concentrations (always in 

excess) give a straight line when plotted against the ligand concentra

tion, (B), according to equation [7]. Three.possibilities exist. One,

kobs = kl + k2 (B)

the line has zero slope. In this case k^ = 0  and the intercept, k^, is 

equal to k ^ ^  and the reaction shows first-order kinetics. Two, the
line has a positive slope and a zero intercept. In this case the

\
slope equals k^ and the reaction shows second-order kinetics, Three, 
the line has a positive slope and a nonzero intercept. In this case the 
reaction shows a two-term rate law with parallel firsts and second-order 

paths. The slope equals k^ and the intercept equals k^, 

cases were observed and are treated herein.
The latter two



CHAPTER 3

RESULTS AND DISCUSSION^--1

Substitution Reactions of Ni(CO)^ with Bidentate Ligands 
The data obtained for the reactions of nickel carbonyl with 

bidentate ligands, equation [8], are shown in Table I. The data include

Ni (CO) 4 + L2 Ni(CO)2L2 + 2C0 [8]

the disubstitution reaction with one monodentate ligand, triphenyl- 
phosphine, for comparison, equation [9]. The abbreviations and

Ni (CO) 4 + 2P (CgH,.) 3 -»■ Ni (c°) 2 [P (C6H5) 3] 2 + 2C° [9]

structures of the ligands are shown in Figure 1. Kinetics plots of
log(P^ P ) versus time for the reactions shown by equations [8] and
[9] do not give straight lines (for example see Figure 3), so the k ,obs
values were obtained from the initial slope of the curves (see below) .
As can be seen from Table I, the values obtained in this manner are not

dependent on the concentration of the ligand. The average values of
k , for the various reactions are collected in Table II. obs

For the monodentate substitution reactions of N i ( C O ) t h e
x

kinetics plots are linear, and the k values are equal to k^ for a 

simple dissociative, rate-determining step^ Ni (CO) ̂  -*■ Ni (CO) ̂  + CO, 

followed by rapid ligand attack on Ni (CO) ̂  to . give Ni (CO) ̂ L (7). The 
problem of bidentate substitution is complicated by a second step, 

closing of the chelate ring and loss of a second CO to give the
13
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Table I. Pseudo-First- 
Ni (CO) 4 + L2

Order Rate + M  (co) 2l 2Constants for + 2CO
the Reactions

—1[Ni (CO) 4J , M L2 [l2], h Solvent Temp., °C kobs' sec
0.00717 diars 0.0232 o-xylene 25 6.58 x 10-3
0.00717 diars 0.0310 o-xylene 25 6.64 x 10~3
0.00717 diars 0.0387 o-xylene 25 6.45 x IQ’3
0.00717 diars 0.0619 o-xylene 25 5.81 x 10-3
0.00650 DAS 0.0395 o-xylene 25 7.37 x 10”3
0.00650 DAS 0.0395 o-xylene 25 11.6 x lo""3
0.00650 DAS 0.0658 o-xylene 25 9.53 x 10~3
0.00650 DAS 0.0789 o-xylene 25 8.53 x lO-3
0.00650 DAS 0.1052 o-xylene 25 7.52 x 10-3
0.00650 phen 0.0194 o-xylene 25 9.73 x 10~3
0.00650 phen 0.0194 o-xylene 25 1.33 x 10-2
0.00650 phen 0.0258 o-xylene 25 1.21 x 10~2
0.00650 phen 0.0323 o-xylene 25 1.27 x 10-2
0.00650 phen 0.0518 o-xylene 25 1.28 x 10-2
0.00808 P(C6H5,3 0.0399 o-xylene 25 -34.71 x 10
0.00808 P(C6H5)3 0.0532 o-xylene 25 5.57 x 10-3
0.00808 P(C6H5>3 0.0665 o-xylene 25 5.39 x 10-3
0.00808 PtC6H5>3 0.0798 o-xylene 25 5.06 x 10 3
0.00808 P(C6H5,3 0.1063 o-xylene 25 5.14 x 10 3
0.00412 DAS 0.0190 decalin 25 2.39 x lO"’3
0.00412 DAS 0.0190 decalin 25 2.41 x 10“3
0.00412 DAS 0.0317 decalin 25 2.72 x 10~3

-30.00412 das ; 0.0380 decalin 25 2.68 x 10
0.00412 DAS 0.0380 decalin 25 2.78 x 10-3
0.00412 EDAS 0.0138 decalin 25 2.48 x 10~3
0.00412 EDAS 0.0185 decalin 25 2.83 x 10-3
0.00412 EDAS 0.0232 decalin 25 2.62 x 10~3
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Table X.— Continued

[Ni(CO) ], M L2 [L21 ' M Solvent Temp., °C ... kobs , :
-Lsec

0.00412 DAS 0.0190 o-xylene 0 3.74 X 10-4
0.00412 DAS 0.0190 o-xylene 0 3.69 X 10-4
0.00412 DAS 0.0253 o-xylene 0. 3.80 X IQ"4
0.00412 DAS 0.0497 o-xylene 0 3.57 X IQ-4
0.00412 DAS 0.0497 o-xylene 0 3.65 X IQ'4

0.00654 phen 0.0256 o-xylene 0 6.24 X IQ'4
0.00654 phen 0.0512 o-xylene 0 5.09 X 10-4
0.00654 phen 0.0512 o-xylene 0 5.23 X IQ'4
0.00635 phen 0.0191 o-xylene 0 5.55 X 10-4
0.00635 phen 0.0191 o-xylene 0 5.60 X IQ"4
0.00635 phen 0.0255 o-xylene 0 4.73 X IQ-4

—40.00635 phen 0.0255 o-xylene 0 5.20 X 10
-40.00635 phen 0.0318 o-xylene 0 5.10 X 10
-40.00635 phen 0.0318 o-xylene 0 5.47 X 10
-40.00635 phen 0.0382 o-xylene 0 4.78 X 10

0.00635 phen 0.0382 o-xylene 0 4.73 X 10-4
-4. 0.00635 phen 0.0510 o-xylene 0 4.73 X 10

0.00635 phen 0.0510 o-xylene 0 4.70 X IQ"4

0.00650 DAS 0.0190 decalin 0 6.13 X 10-5
0.00650 DAS 0.0320 decalin 0 6.13 X io-5
0.00650 DAS 0.0320 decalin . 0 6.15 X ID'S
0.00650 DAS 0.0384 decalin 0 6.13 X ID-5
0.00650 DAS 0.0512 decalin 0 6.17 X IO"5
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Table II. Average Pseudo- 
Ni (CO) 4 + > 2

-First-Order Rate Constants 
Ni(CO)|L2 + 2CO.

for the Reactions

Ligand Solvent Temp., °C kobs'.SeC^1
phen o-xylene 25 1.21 x 10-2 ± .14
DAS o-xylene 25 So 91 x io"3 ± 1.74

diars o-xylene 25 6.37 x io"3 ± .38

P(C6H5>3 o-xylene 25 5.17 x io"3 ± .33

EDAS .decalin 25 2.64 x io-3 ± .18

DAS decalin 25 2.60 x io-3 ± .20

phen o-xylene 0 5.17 x 10-4 ± .47

DAS o-xylene 0 3.69 x IQ-4 ± .09

DAS decalin 0 6.14 x io"5 ± .02
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disubstituted product. This second step must be a first-order process 
because it is intramolecular. Equation [10] depicts these two

kl L-L kiNi (CO) — > Ni (CO) 3 + CO — Ni (CO) 3L-L --- »■ Ni (CO) ̂  + CO [10]

consecutive, first-order steps.

Values of and have been obtained by analyzing the reac
tions as two consecutive, first-order reactions by the method of Swain 
(22). This graphical method directly yields values of both k^ and k^'. 
Table III gives the average values of these rate constants.

Table III. Average First-Order Rate Constants for the Reactions Ni(CO)^ 
+ 1*2 Ni (CO) 2^2 + 2C0, Analyzed as Two Consecutive, 
First-Order Reactions

Ligand

phen

DAS
diars

P,C6H5',3
EDAS

DAS
phen

DAS

Solvent Temp., °C

o-xylene . 25 

o-xylene 25 
o-xylene 25 
o-xylene 25 
decalin 25 

decalin 25 
o-xylene 0 

o-xylene 0 
decalin

k^, sec 
-22.65 x 10 ± .25
-22.08 x 10 ± .14

2.38 x icf2 ± .18 
2.21 x 10~2 ± .23 
5.50 x 10"3 ± .27 

9.43 x 10~3 ± .14 

1.31 x 10*’3 ± .14 

8.53 x 10^4 ± .39 

1.60 x 10-4 ± .23

-1k11, sec .

1.61 x 10-2 ± .25 
-37.38 x 10 ± .24
—32.40 x 10 ± .33
-42.84 x 10 . ± .16

2.55 x 10~3 ± .17

2.10 X 10~3 ± .31 
-44.22 x 10 ± .31

2.45 x 10”4 ± .32

DAS 0 2.99 x 10 5 ± .25
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The Rate of the Initial Step

The rate constants for the initial step of bidentate substitu
tion, the k. values in Table III, do not equal the k , values for the 1 obs
same reactions. This means the first step is not rate-determining, and 
the observed rate of CO liberation depends on the rate of the second 
step.

The k^ values agree fairly well with the values found for•the
monosubstitution reactions. For the reaction with triphenyIphosphine,
k^ in xylene of 2.21 x 10  ̂i .36 sec ^ is comparable to the value of 

- 2 - 11.58 x 10 sec (no error estimates given) reported earlier (7). The 
values are nearly constant in xylene, which is expected for a dissocia
tive mechanism. However, the rate constants in decalin are considerably 

lower than in xylene. This change in rate with change in solvent was
noted in the monosubstitution reactions also. The rate constant for

-3 -1triphenyIphosphine substitution in cyclohexane, 6.87 x 10 sec , is 
comparable to the values for DAS and EDAS in decalin. To explain the 
solvent dependence, Angelici and Leach . (7) postulated an interaction 

between the olefinic TT-system of aromatic solvents and the nickel atom 

in the transition state to reduce the enthalpy of activation. This 
could account for the smaller rates in nonaromatic solvents' such as

decalin and cyclohexane.
x

TT-System interaction with nickel in the transition state may 
also be responsible for the unexpected difference between the k^ values 

of DAS and EDAS in decalin. The aromatic nature of DAS compared to only 
one olefin bond in EDAS, coupled with the greater concentration of DAS 

(Table I) , would increase the chance of TT-olefin-nickel interaction for
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DAS, and thus increase the rate over EDAS. The effect would be most 
noticeable in the nonaromatic solvent decalin, as observed* „

The rate constants for the initial step of bidentate substitu
tion (i.e., the values obtained by analyzing the reactions as two 
consecutive, first-order reactions) all agree fairly well with the 
first-order rate constants for the same reaction with monodentate 
ligands (7). Since the values are nearly constant in xylene, and 
differences in decalin can be reasonably explained, the k^ values are 

apparently good measures of the rate of the initial step of equation
[10]. The k , values for bidentate substitution, obtained from the obs
initial slopes of the kinetics plots, are different from the k^ values.
That the k _ values are not good measures of the rate of the initial obs
step, is due to the second step.

The Rate of the Second Step
The second step of the reaction of Ni(CO)^ with bidentate 

ligands is the loss of the second CO group. Three possibilities arise 
for the rate of this step. It can be much faster than, comparable to, 

or much slower than the first step. In the first case, the first 
dissociative step will be rate-determining and kQ^s will be equal to 

k^. The second case will result in a nonlinear kinetics plot. The 

third case will result in about one-half of the CO being given off 

rapidly, followed by the second half at a slower rate. The limiting..... 
possibilities for the third case are that the first half is given off 

so rapidly so as not to be observed, or the second half is so slow it is 
not observed. Figure 4 shows the type of kinetics plots to be expected



21

Figure 4. Kinetics Plots to be Expected for Different Rates of Ring 
Closure —  Plot (a), very rapid first step, slower ring 
closure observed; (b), first step observed, very slow ring 
closure not observed; (c) , rapid ring closure; (jd) , comparable 
rate constants. The ordinate is an arbitrary scale and for 
each equivalent of CO produced, P^ = 1.
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for both limiting possibilities of a slow second step (a and bl, as well 
as the kinetics plots expected for a rapid second step (c), and for 
comparable and k^1 (d) (see equation [10]). The three possibilities
of the relative rate of the second step can thus be distinguished by 
their kinetics plots. Both rapid and slow second steps will give linear 
plots. With a slow second step, however, only one-half of the reaction 
will be observed; the second step for case (a), the first step for 
case (b).

A typical kinetics plot for the reaction of Ni(CO)^ with diars
is shown in Figure 3. A very slow second step can be eliminated because
of nonlinear kinetics plots. A very rapid second step is eliminated

because the plots are nonlinear and the k _ values obtained from theobs
initial slopes of the plots are not equal to the k^ values. The non

linear kinetics plots suggest comparable rates for the first and second 
steps. This supports the results of analyzing the reactions as two 
consecutive, first-order steps. Comparable values of k^ and k^' were 
obtained, with the second step somewhat slower than the first step in 

all cases (Table III). Therefore, both k^ and k^8 appear to be good 
measures of the rate of the initial step and the rate of the second 
step, respectively.

Dependence 'on L i g a n d Table III shows that the values of k^8 , 

the rate constant for the second step, depend on the ligand. For 

example, in xylene at 25°, the k^8 value is largest for phen and . 

smallest for diars. The mechanism of the second step must account for 

the ligand dependence of this necessarily first-order process. The
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intermediate, in which the bidentate ligand is bonded through only one 
donor atom, can go* through the second step by several different possible 
mechanisms. In terms of the stoichiometric mechanism of Langford and 
Gray (23, pp. 7-11), the second step may proceed via a dissociative (D), 
associative (A), or interchange (I) mechanism. The distinction between 
these mechanisms is in the timing of the bond-making and bond-breaking 
stages of the substitution. If bond-breaking (loss of CO) precedes 
bond-making (ring closure), the process is dissociative (D) with a 

three-coordinate intermediate. If bond-making precedes bond-breaking, 
the process is associative (A) with a five-coordinate intermediate, and 
if bond-making and bond-breaking proceed smoothly in a concerted single 
step, the mechanism is called interchange (I). The stoichiometric 

interchange mechanism can have either associative activation and 
therefore an "a" intimate mechanism (I ) , or dissociative activation 
and a "d" intimate mechanism (1̂ ) (23, pp. 7-11).

In the intermediate, Ni(CO)^L-L, the group bonded to the Ni (CO) ̂  
moiety may affect the rate at which a CO molecule can dissociate. Since 

the four ligands, iru the.. .Ni.(CO) are competing for the

nickel atom's d^-electrons for back-TT-bonding, better ^-bonding ligands, 

L-L, would be expected to result in weaker Ni~C bonds (24). A 
spectrochemical series for ^-bonding ligands indicates that phen is a 

poorer TT-bonding ligand than are arsines (6, p. 538) . Table IV shows 
the infrared spectra of the disubstituted products listed in decreasing 

order of C-0 stretching frequencies. As the ability of the ligand L-L 
to remove electron density from nickel via TT-bonding decreases, so 

should the C-0 stretching frequency (25). On this basis, phen is again
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Table IV. Carbonyl Stretching Frequencies for the Compounds Ni (CO)

Compound

o

— 1 cm
Ref.From this work From other sources

Ni(CO)2DAS 2020, 1960 2011, 1952 (26)
Ni (CO)2diars 2005, 1940 2002, 1939 (25)
Ni(CO)2EDAS 2000, 1935 2000, 1935 (27)
Ni(CO)2lP(C6H5)3]2 1990, 1925 2000, 1935 (28)

Ni(CO)2phen 1980, 1915 1981, 1907 (29)

shown to be a poorer ir-bonder than the diarsines, and the intermediate 

Ni(CO)gN-N should have the strongest Ni-C bonds. If the second step is 

dissociatively activated, the value for phen should be the smallest 

of the bidentate ligands, whereas it is the largest. Therefore, on the 

basis of C-0 stretching frequencies and the known TT-bonding ability of 
phen, the larger k^' value for phen over the diarsines cannot be 

explained by a dissociatively activated second step.
The ligand influences in an associatively activated second step 

are more difficult to understand. Not only must the group bonded to 
the Ni(CO)^ moiety be considered, but also the ability of the second 

donor atom to attack the nickel becomes important. The nucleophilicity 

of the attacking atom, its relative "softness" or "hardness" (30), and 

steric requirements of the entering group are possibly rate influencing.

Since Ni(0) is considered a "soft" metal, the "soft" arsenic 
atom donor diarsines might be expected to be more nucleophilic toward
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the nickel atom than phen with its "hard" nitrogen donor atom. This is 
not the case, however, in the second-order monosubstitution reactions 
of CoNO (CO) ̂  (.11) and Fe (NO) ̂  (CO) ̂  (9) which also have "soft" metal 
centers. In both cases, pyridine, with its "hard" nitrogen donor 
atom, reacts faster than triphenylarsine, with its "soft" arsenic donor 
atom. Apparently, the "softness" of the attacking atom is not of over

riding importance in determining rates in these associative, type reac^ 
tions. Thus, the fact that the k^' value for phen in the reaction with 
Ni(CO)^ is greater than the k^1 values for any of the diarsine reactions 

with Ni(CO)^ is not inconsistent with an associatively activated second 
step.

In the second-order reactions of CoNO(CO)^ and Fe (NO)2(CO)^f the 
rates of CO substitution increase with increasing basicity of the 

ligands. The stronger, bases are the best nucleophiles. Although the 
basicities of the arsenic ligands have not been measured, their relative 
basicities are likely to vary in the same manner as those of the 
analogous phosphine ligands. Streuli (31) found, that the trialkyl- 
phosphines. are the strongest bases. Substituting aryl groups progres

sively weakens the base strength,- so that triarylphosphines are the 
weakest. Therefore, diars would be expected to be the weakest arsenic 
base, followed by DAS and then EDAS [Figure 1) . If the second step has 

associative activation, and the basicity of the attacking ligand is the 

most important factor in determining reactivity, as is the case for the 

reactions of CoNO (CO)^ and Fe (NO)^(CO)2/ then the k^■ values should fall 

in the order EDAS > DAS > diars. The observed order is the same.
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Even though ligand basicity appears to be most important in 

determining reactivity in associative processes of zerovalent metal 
carbonyls, steric requirements must also play a role. The steric 
requirements for an associatively activated second step involve the 

ability of the unbound donor atom to attack the nickel atom and force 

a CO group out. This can be seen as a two-step process. First of all, 
the second donor atom must get into a position to attack the nickel, and 
second, any groups bonded to the attacking atom must be rotated out of 
the way. Phen is a rigid molecule, so that once the first nitrogen 
atom is bonded to nickel, the second is forced into an attacking 
position. Furthermore, there are no groups attached to nitrogen to 
get in the way, and chelation would be expected to be very rapid.
Since the arsenic groups on DAS are free to rotate somewhat r DAS is not 

rigid, and once the first arsenic atom is bound the second is not 

necessarily in position to attack the nickel. Also, the methyl groups 
on the attacking arsenic may hinder attack somewhat. The diars molecule 
has many orientations in which the second arsenic is away from the 

nickel, and the bulky phenyl groups bound to arsenic would, surely hinder 

its attack on nickel. Therefore, on steric grounds for an associatively 
activated second step, the k^1 values should decrease in the order 
phen > DAS > diars. Again, this is the observed order.

The above arguments to explain the change in rate with change in 

ligand are in favor of associative activation and against dissociative 

activation for the second step. In support of associative activation. 

Day, Diementer and Basolo (32) have noticed a 10% increase in the k ^ g  

value for the monosubstitution reaction of Ni(_COl^ and triphenylphosphine
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with a 100-fold increase in ligand concentration. They suggest that at 
the higher ligand concentration, up to 10% of the k ^  is due to a 
second-order term. If there is a second-order term, then as the ligand 
concentration increases^ the associative pathway should become more 
important (33). Angelici (34) has estimated that a bidentate ligand 
which is coordinated through one donor atom presents its second donor 
atom at a concentration that is approximately 500 times that of an un

coordinated ligand. The large, effective concentration of the second 
donor atom of the bidentate ligands apparently is responsible for the 
associative activation for the second step becoming dominant here.

Dependence on Solvent. The dependence of the rate of the second 

step on change in solvent can be seen by comparing the ■ values of DAS 
in xylene and decalin. At both 0° and 25°, the. value is greater in 

xylene. The same effect was seen for the k^ values. An explanation 
for the difference of the k^* values in xylene and decalin could be the 

same as for the k^ values. The aromatic TT-system of xylene may interact 
with the activated complex in the transition state to reduce the 
enthalpy of activation, and make the rate greater in xylene.

Proposed Mechanism
/The mechanism of the first step is probably dissociative, with

some assistance from the solvent in the aromatic solvent xylene. The

data indicate that the second step, loss of CO from the intermediate

Ni(CO)^L-L, occurs with associative activation. Whether the actual
mechanism is purely associative (A) , or interchange with associative

activation (I ) , is difficult to tell. However, the fact that the a
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entropies of activation for the second step are more positive than for 
the first step (see below) indicates that some dissociation may be 
occurring in the transition state of the second step. If dissociation 
is occurring in the transition state, an mechanism for the second 

step is indicated. The proposed mechanism is shown in Figure 5.

Ni(CO)
4  dissociative

Ni(C0)3 + CO

+ L-L fast

k, '
Ni(CO) L-L -----  . v .

3 associative
Ni(C0)2L 2 +

Figure 5. Proposed Mechanism for the Reactions of Ni(CO)^ with 
Bidentate Ligands

The activation parameters for the first step, obtained from the 

values, are shown in Table V. They support the postulated inter

action of aromatic solvents with the nickel atom in the transition 

state. This would restrict the freedom of the xylene molecules, thus 
lowering the entropy of activation. Ah * would also be lowered in 
aromatic solvents due to stabilization of the activated complex. Both
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Table V* Activation Parameters for the First-Order Reactions Ni(CO)^ 
+ L2 -> Ni(CO) 3L-L + GO

Ligand Solvent Ah *, kcal/mole AS* (286°), eu

phen o-xylene 19.4 -0.6
DAS o-xylene 19.6 . -0.6
DAS decalin 26.0 +19.5

AH* and AS* are lower•in xylene as expected for solvent interaction

with the activated complex« The activation parameters found for the
monosubstitution reaction of Ni(CO). with in toluene were Ah * =4 6 5 3
20.4 kcal/mole and AS* = +2.0 eu. In cyclohexane the values were AH* = 
26.6 kcal/mole and As* = +20.9 eu (7). These are in good agreement with 
the values found here in xylene and decalin, respectively.

Activation parameters for the second step, from k^■ values, are 

shown in Table VI. At first, the positive entropies seem to be incon^ - 

sistent with an associative second step. However, the rigid bidentate 

ligands would lose very little freedom on chelation, and there may be 
some dissociation of CO in the transition state to account for the 
positive values. The larger entropy values for the second step oyer the 
first step in xylene may be due to lack of solvent association in the 

transition state. For the dissociative first step, the three- 

coordinate transition state may be heavily solvated, thus decreasing 

the entropy. The associative second step would have a transition state
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Table VI. Activation Parameters for the First-Order Reactions 
Ni (CO) 3L-L Ni (CO)2L2 + CO

Ligand Solvent Ah *, kcal/mole AS* (.286°) , eu

■ phen o-xylene 23.1 +10.0
DAS o-xylene 23.3 +6.6

DAS decalin 27.2 +20. 5

which is five-coordinate, and solvation would be less important, thus 

increasing the entropy relative to the first step.

No cases of substitution reactions of nickel carbonyl via an 
associative mechanism seem to have been reported. However, no kinetics 

has been reported for the reaction of Ni (CO) ̂  with bidentate ligands.
The only kinetics study of the replacement of the second. CO group, 

equation [11] , with the monodentate ligand triphenyIphosphine, proceeds

Ni (C0)3 [P CC6H5)3] + P(C6H5)3 -> Ni(CO)2 [P(C6H5)3]2 + CO [111

-4 —iby a dissociative process with k^ = 5.66 x 10 sec in cyclohexane 
(24) . However, this is with a monodentate phosphorus ligand, and has 
a rate constant smaller than any of the k^g values for the bidentate 
ligands.

Substitution Reactions of CoNO(CO)3 with Bidentate Ligands

The dependence of the rate of the reactions shown by equation 
[12] on the concentration of the bidentate ligands L2, where L2 is in
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CoNO (CO) 3 + L2 CoNOCCO)L2 + 2CO [12]

great excess, is shown in Table VIIe Figures 6 and 7 show graphs of 

kobs' the Pseudo-first-order rate constant, plotted against [L^], the 
ligand concentration. These show linear dependence with nonzero slopes 
and nonzero intercepts. This is consistent with a two-term rate law, 

equation [13]. Table VIII gives the values of the first- and

Rate = k [CoNO(CO)3] + k2 [CoNOtCO) ][L2] [13]

second-order rate constants obtained from Figures 6 and 7.
Early work on the kinetics of substitution reactions of 

CoNO(CO)^•with monodentate ligands revealed a rate law in agreement with 
equation [13]. The mechanism of substitution was postulated as parallel 

associative and dissociative paths. Since the substitution reactions 
with bidentate ligands give the same rate law as the monosubstitution 

reactions, the same mechanism would seem to fit the data. However, the 
substitution reactions with bidentate ligands involve a second step, 
ring closure, which must be considered.

The Rate of Ring Closure

Consider the two-step reaction shown by equation [14]. The

CoNO (CO) + -> CoNO (CO) 0L-L + CO -> CoNO (CO) Ln + CO [14]\ 3 2 2 2

relative rate of the two steps will determine wha,t kinetics is observed. 
If the rate of ring closure is comparable to the rate of the initial 

step, a nonlinear kinetics plot will be obtained. This was observed for 

the reactions of Ni(CO) (see p. .131. A typical kinetics plot for the
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Table VII. Pseudo-First-Order Rate Constants for the Reactions 
CoNO (CO) 3 + L2 -> CoNO(CO)L2 + 2C0 at 25°

[CoNO(CO)3], M L2 [L2], M . Solvent kobs' sec
0.00408 diars 0.0201 o-xylene 1. 92 x 10-7
0.00408 diars 0.0269 o-xylene 2.29 x IQ-?
0.00408 diars 0.0336 o-xylene 2.97 x lO-7
0.00408 diars 0.0470 o-xylene 3.97 x IQ"7

0.00638 DAS 0.0415 o-xylene 1.25 x lO"6
0.00638 DAS 0.0554 o-xylene 1.43 x lO'6
0.00638 DAS 0.0692 o-xylene 1.61 x io"6
0.00638 DAS 0.1110 o-xylene 2.14 x lO"6
0.00506 DAS 0.0192 decalin 2.97 x IO"7
0.00506 DAS 0.0320 decalin 4.40 x IO”7
0.00506 DAS 0.0384 decalin 4.97 x 10-7
0.00506 DAS 0.0511 decalin 6.49 x IO"7

0.00585 phen 0.0346 o-xylene 1.67 x io"6
0.00585 phen 0.0577 o-xylene 1.97 x io"6
0.00585 phen 0.0808 o-xylene 2.51 x io"6
0.00585 phen 0.0923 o-xylene 2.67 x io"6
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Figure 6. Plot of Versus for Reactions of CoNO(CO)g with
in o-xylene at 25° —  O , L2 = phen; O / L2 = DAS.
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Figure 7. Plot of kobs Versus [L2] for Reactions of CoNO(CO)3 with L2 
at 25° —  O ' l2 = diars in o-xylene; O , L2 = DAS in 
decalin.
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Table VIII. First- and Second-Order Bate Constants for the Reactions 

CoNO (CO) 3 + L2 CoNO (.CO) L + 2C0 at 25°

Ligand

phen

DAS
diars
DAS

Solvent k^z sec
—6o-xylene 1.0 x 10 ±0.3
-7o-xylene 7.1 x 10 ±3.3

o-xylene 4 . 0 x 1 0  8 ±2.5
—  8decalin 8.4 x 10 ±4.4

r-.ikg, M sec

1.79 x icf 
1.29 x 10“ 
7.57 x 10-' 
1.10 x 10*"
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reaction of CoNO(CO)3 with DAS, Figure 8, shows this is not the case for 
cobalt. The linear kinetics plot indicates rapid ring closure.

The observation of relatively rapid ring closure for the cobalt 
case is not surprising because the first step is so much slower for the 
reactions of CoNO(CO)^ than for the Ni(CO)^ reactions. However, the 
absolute rate of ring closure would also be expected to be slower for 
the cobalt case. This is because of the difference between NO and CO as 
ligands (see p. 4). The three-electron donor nitric oxide gives the 

cobalt a formal negative charge, decreasing the rate at which a ligand 
can attack in an associative process. The formal negative charge also 

increases the back- TT-bonding to the CO groups, increasing the cobalt- 
carbon bond strength, and decreasing the rate at which a CO group can 
dissociate (11).

Apparently the chelation step for the CoNO(CO)^ reactions- 
studied here is fast enough to allow the first step to be rate-determin

ing. This is not the case for the reaction of CoNO(CO)^ with the 
bidentate ligand 1,2-bis(diphenylphosphino)ethane (diphos). Mawby 

et al. (35) have studied the kinetics of the reaction of CoNO(CO) d
with diphos. They found that chelation is much slower than the initial 
attack to form the monodentate intermediate. The chelation step here,
however, involves ligands with nitrogen and arsenic donor atoms in place

\of phosphorus. This changes not only the attacking ligand, but the 

ligand attached to the CoNO(CO)^ moiety as well. Since such ligand 

properties as basicity, polarizability, TT-bonding capacityf and steric 

requirement can influence rates (36), the "change from diphos to the 
ligands used here cannot be treated in a simple manner. However, ring



Figure 8. Observed Kinetics Plot for a Typical Reaction of CoNO(CO) with DAS u>•v)
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closure would be sterically most difficult for diphos. Diars is the 
arsenic analogue of diphos, but molecular models show the larger size 
of arsenic makes diars less hindered. it is reasonable to assume that 
the postulated rapid ring closure is correct. In fact, this is the case 
usually observed in the reactions of metal complexes with chelating 
ligands (35, 37, 38) due to the favorable entropy effect for ring 
closure.

The Rate-Determining Step
The first step of equation [14] becomes rate-determining when 

ring closure is rapid. The observed rate of CO evolution depends on 
the rate of the first step only, and the observed kinetics should be 
the same as obtained for monodentate substitution. The observed rate 
law (equation [13]) is the same as reported for the monodentate sub
stitution reactions.

A two-term rate law for the substitution reaction of CoNO(CO)^ 

with triphenylarsine was first noticed by Thorsteinson and Basolo (11)„ 
Since phosphine ligands gave only a second-order term, they postulated 

the first-order path arose from an associative solvent displacement 
process in which the solvent acted as a nucleophile. Re investigation 

of these reactions found the first-order term for phosphine ligands as 
well (10, 39). The first-order rate constants in coordinating solvents 
such as THF and DMSO were found to be much larger than in non

coordinating solvents such as cyclohexane and benzene. - A solvent- 

assisted dissociative process in the coordinating solvents was suggested 

with a nearly pure dissociative path in cyclohexane and benzene.
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First-Order Rate Constants

The first-order rate constants obtained for the reactions of
CoNO(CO)^ with bidentate ligands are shown in Table VIII« Estimated
errors were obtained either from standard deviation errors of the k ,obs
values, or from different ways in which the k , versus ligand concen-obs
tration plots could be drawn- The k_ values for phen and DAS in xylene 
are within estimated error of each other, but the k^ value for diars 
appears to be too small, Perhaps the inherent error in obtaining k^ by 

extrapolation is larger than estimated (39), Another possible explana
tion is that because the diars molecule is the most sterically hindered 
for ring closure, the rate of ring closure may be just slow enough to
affect the diars k , values. If the rate of ring closure for diars isobs
comparable to the rate of the first step, the rate of CO evolution may
be slowed enough to change the slopes, but not the linearity of the

kinetics plots. All the k . values would be reduced, which in turnobs
would reduce the intercept, but not the slope of the k ^ ^  versus ligand 
concentration plot (Figure 7). Therefore, k^ for diars would be 

lowered, but k^ would be unaffected- There is no real evidence to 
support comparable rates for the initial step and ring closure for 

diars. However, in light of very slow ring closure for diphos mentioned 
earlier, relatively slow ring closure for the arsenic analogue, diars, 

is credible.
The k^ value for DAS in xylene is larger than the value in

decalin. First-order rate constants for the reactions of Ni (CO).. were4
also found to be larger in xylene. Increased rates in xylene were 

ascribed to an interaction between the xylene tt-system and the nickel
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atom in the transition state to reduce the activation energy (.see p.
19) „ The same interaction is possible with the cobalt atom and the 
solvent tt-system to increase, the rate in xylene. Gardaci et al. (10) 

noticed an increase in the values of the monosubstitution reactions 
of GoNO(CO)^ in changing from cyclohexane to benzene, but attributed 
it to change in solvent dielectric constant.. This seems less likely, 
as dielectric constant would be predicted to have little effect in the 
dissociation of a neutral GO group from a neutral GoNO (CO) moiety (40).

Second-Order Rate Constants

The rate constants for the second-order path are shown in 
Table VIII. These k^ values provide a measure of the reactivity of 
the ligands for the associative path. Phen is the most reactive, 
followed by DAS, and then diars. At first, it seems somewhat surprising 
that phen, with its "hard" nitrogen donor atom, would attack the "soft" 

cobalt atom at a greater rate than the diarsines with their "soft" 
arsenic donor atoms. But, as has already been noted (p. 25), in the 

monosubstitution reactions of GoNO(CO)3, pyridine, with its "hard" 
nitrogen donor atom, reacts faster than triphenylarsine, with its
"soft" arsenic donor atom. In, fact, the second-order rate constant .

—'5 —  1 —-lobtained for pyridine, k^ = 4 x 10 M sec at 25° in toluene (11), 
is close to the second-order rate constant for phen. Whether the 

higher reactivity of the ligands with nitrogen donor atoms is due mainly 

to their greater basicity, or to steric factors is unknown. Molecular 

models suggest that neither phen nor pyridine would experience any 

steric hindrance upon attack on the cobalt atom, whereas both diars
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and DAS would. In any case, phen and pyridine are better nucleophiles
toward CoNO(CO) ̂  than are the arsines, in spite of the fact that the
amines are "hard" bases attacking a "soft" metal.

The second-order rate constants for the arsine ligands prove to
be in excellent agreement with the idea that the basicity of the ligand

is the predominate factor in determining its reactivity. The relative
basicities of the arsine ligands have been discussed Csee p. 25).
Triphenylarsine, the weakest base, gives the smallest rate constant,

—  6 —1 —  1k^ = 2.3 x 10 M sec (11). For the second weakest base, diars> 
kg = 7.57 x 10  ̂M ^ sec \  For DAS, kg = 1.29 x 10  ̂M **" sec \

-5 -i -]_Finally, for the strongest base. As (n-C H ) , k = 9.0 x 10 M sec4 9 3 2
(11). These data also indicate that, for these arsine ligands at least, 
steric requirements are not as important as basicity in determining 
reactivity. Approach of diars to cobalt would be more hindered than 

triphenylarsine, yet diars reacts faster. Tri-n-butylarsine is probably 
more hindered than all the others except diars, but it reacts the 
fastest because it is the strongest base.

Proposed Mechanism

A possible mechanism for the substitution reactions of CoNO(CO)^ 
with bidentate ligands is shown in Figure 9. The first step becomes 

rate-determining because of rapid ring closure» This explains the 
observed rate law (equation [13]) in terms of parallel first- and 

second-order paths. The second-order path proceeds through an associa

tive mechanism in which the ligand donor atom attacks the cobalt atom 
and forces a CO group out. The first-order path may not be completely



42

fast
------ >  CoNO(CO)L2 + CO

Figure 9. Proposed Mechanism for the Reactions of CoNO(CO)^ with 
Bidentate Ligands

dissociative in xylene. The TT-system of xylene may interact with the 

cobalt atom in the transition state to lower the activation energy of 
CO dissociation, resulting in the larger first-order rate constants in 
xylene.

The mechanism proposed here is essentially the same mechanism 

as proposed for the substitution reactions of CoNO(CO)^ with monodentate 

ligands (11). This is as it should be because rapid ring closure makes 

bidentate kinetics identical to monodentate kinetics.

Substitution Reactions of Fe(NO)^(CO)^ with Bidentate Ligands 
It will be recalled that the substitution reactions of 

Fe(NO)2 (CO)2 with monodentate ligands are thought to proceed via 

associative mechanisms (see p. 3). This includes reactions with poor 

nucleophiles in coordinating solvents such as THF and methanol, which 
show a first-order term. The first-order path is thought to arise from
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the solvent acting as a nucleophile, and is therefore associative
rather than dissociative (9)./.

The disubstitution reactions of Fe (NO) (CO)equation [15],

Fe (NO) 2 (CO) 2 + L2 Fe(NO)2L2 + 2C0 [15]

have been studied using three different bidentate ligands: phen, DAS, 

and diars. Although the observed rate constants are dependent on the 
ligand concentrations in all three cases, the results are different for 
each, and so they will be discussed separately.

Reaction with Phenanthroline
Table IX shows the kQ^s values for the reactions of Fe (NO) (CO)

with phen. Figure 10 is a plot of the k values against the phen
concentration. The second-order rate constant, obtained from the slope

— 3 ““1 — *|of this linear plot, is k2 = 4.14 x 10 M sec .
For the reaction of CoNO(CO)^ with phen, the second-order rate 

—5 — l —* ~)constant is 1^79 x 10 M sec (see p. 35), small enough to allow
a first-order, term to be observed as well. For the iron case, the
second-order rate constant is considerably larger, and no first-order
term is seen. A large difference in the second^order rate constants

for the reactions of Fe(NO)2(CO)2 and CoNO (CO)^ with "hard" nucleophiles

was noted for the monosubstitution reactions as well. While reasons
for the faster reactions of Fe(NO)_(CO) with "hard" reagents are2 2
unclear and will not be discussed here, it should be noted that the
second-order rate constant for the reaction of Fe(NOl (CQl with phen

£ ^
—3 —1 —1is close to the value of pyridine, k^ ^ 5.6 x.10 M sec in toluene 

(9). Therefore, the second-order rate constant obtained for the
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Table IX. Pseudo-First--Order Rate Constants for tbe Reaction
Fe (NO) g (CO) 2 + phen Fe (NO) ̂ phen + 2CO at 25° in o*^xylene

[Fe (NO) 2 (CO) 2] , M [phen] , M ~1k , / secobs
0.00650 0.0191 —58.05 x 10

0.00650 0.0191 -58.65 x 10

0.00650 0.0255 ■̂ 41.09 x 10

0.00650 0.0255 1.04 x 10~4

0.00650 0.0318 r-*41.37 x 10

0.00650 0.0318 ~41.26 x 10
0.00650 0.0382 -41.55 x 10

0.00650 0.0382 —41.50 x 10

0.00650 0.0446 -41.83 x 10

0.00650 0.0446 1.79 x 10-4

0.00650 0.0510 —42.23 x 10

0.00650 0.0510 ' -41.99 x 10

\
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Figure 10. Plot of k^s Versus [phen] for the Reaction of Fe(NO)2 (CO)2 
with phen in o-xylene at 25°
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disubstitution reaction of Fe(NO)2 (CO)2 with phen is consistent with an 
associative mechanism for the initial attack,, followed by rapid ring 
closure.

Reaction with o-Phenylenebis(dimethylarsine)
The reaction of Fe(NO)^(CO)^ with DAS was run repeatedly,

generally giving nonreproducible results, as can be seen from Table X.
If it is assumed that the reaction is second-order, second-order rate
constants can be obtained by dividing the values in Table X by the

ligand concentration. The average second-order rate constant obtained
-3in this manner is k_ = 1.03 x 10 X .59. When the reaction was run

A

with equal concentrations of DAS and Fe(NO) (CO) and plotted as a 
second-order reaction (41, pp. 18-19), good linear plots were obtained. 
However, the second-order rate constants obtained from these plots were

-3 —1 — ~)also nonreproducible, giving values of k^ = 1.23 x 10 M sec and 

k2 = 3.64 x 10 3 M **" sec \
Although the reaction of Fe(NO)2 (CO)2 with DAS appears to

c
proceed via an associative first step followed by rapid ring closure, 
the value of the second-order rate constant for the first step is un
certain. In general, the pseudo-first-order runs are nonreproducible,

the standard deviation is large, and the value obtained from one of the
— 3 — 1 — 1equal concentration runs (k^ = 3.64 x 10 M sec . ) does not fall 

within three standard deviations of the average value of the pseudo- 

first-order runs. Owing to these uncertainties, the rate constant 

should be considered approximate. Howevert the second-order rate 

constant for the reaction of Fe(NO)2(CO)2 with triphenylarsine reported
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Table X. Pseudo-First-Order Rate Constants for the Reaction
Fe (NO) 2 (GO) 2 + DAS -> Fe (NO) 2DAS + 2CO at 25° in o-xylene

-1[Fe (NO)2 (CO)2] , M [DAS] , M kobs/ sec
0.00635 0.0415 1.42 X 10-5
0.00635 0.0415 2.37 X 10-5
0.00635 ^ 0.0554 1.83 X 10-5
0.00635 0.0692 6.51 X 10-5
0.00635 0.0969 2.19 X IQ-5
0.00635 0.1108 8.72 X 10-5
0.00635 0.1108 6.75 X IQ"5
0.00650 0.0444 8.90 X IQ"5
0.00650 0.0444 9.12 X IQ"5
0.00650 0.0508 9.12 X 10-5
0.00685 0.0508 4.42 X ID"5
0.00685 0.0395 1.57 X 10-5
0.00685 0.0395 5.50 X 10-5
0.00685 0.0455 7.55 X IQ"5
0.00685 0.0526 3.50 X 10-5
0.00685 0.0526 2.92 X 10-5
0.00685 0.0554 1.15 X

'oH

0.00685 0.0658 7.83 X 10-5
0.00685 0.0692 1.10 X 10-4
0.00685 0.0789 . 6.63 X IQ"5
0.00685 0.0909 5.66 X IQ"5
0.00685 0.0921 9.85 X 10-5
0.00685 0.1052 . H O 10 X 10-4
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— • 5  —* 2_ r~. ~|by Morris and Basolo (8) , = 1.5 x 10 M sec at 25° in toluene,

-3 -j.- -lindicates that the value of 1.03 x 10 ± .59 M sec for the
reaction with DAS is believable. This is because DAS is probably a 
stronger base than triphenylarsine and therefore should react faster 
than triphenylarsine (see p. 25).

Reaction with 1,2-Bis(diphenylarsino)ethane
Figure 11 is a plot of the k ^ ^  values versus the ligand

concentration for the reactions of Fe(NO)2(CO)2 with diars. Table XI
shows the k _ values for the individual runs. The first- and second- obs

1 -5 -1order rate constants obtained from Figure 11 are k^ = 7 x 10 sec and
-3 _]_k^ = 1.31 x 10 M sec . The origin of the two-term rate law for 

the reaction of diars with Fe(NO)^(CO)^ is not understood. Since the 
reaction was carried out in the • non-coordinating solvent o-xylene, the 

first-order path is not a result of the solvent acting as a nucleophile. 
Also, the reaction of.Fe(NO)2 (CO)2 with DAS in o-xylene, with a. 
comparable second-order rate'constant, shows no first-order term^ 
Finally, the first-order rate constant for the reaction of Fe(N0)0(CO) 

with diars is nearly 10,000 times greater than the first-order rate 

constant for the reaction of CoNO(CO)with diars * Since dissociation 
of a CO group from Fe (NO)2(CO)2 should be slower than dissociation from 

CoNO(CO)^ (see p. 4), a dissociative mechanism for the first-order term 

seems unlikely.
All of the reactions of Fe(NO)2 (CO)2 with diars gave linear 

kinetics plots, indicating rapid ring closure (see p. 36)♦ For this 

reason, the reaction was investigated no further than the five
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Plot of kot)S Versus [diars] for the Reaction of Fe (NO) 2 (CO) 2 
with diars in o-xylene at 25°
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Table XI. Pseudo-First-Order Rate Constants for the Reaction
Fe (NO) 2 (CO) 2 + diars Fe (NO) 2diars + 2CO at 25° in o-xylene

-i[Fe (NO) 2 (CO) 2] , M [diars] , M kobs' sec

0.00435 0.0232 9.94 X 10-5

0.00435 0.0279 1.19 X

<3+•o'H

0.00435 0.0387 1.20 X H °,

0.00435 0.0419 1.25 X H O
1

0.00435 0.0619 , 1.49 X 10-4
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pseudo-first-order kinetics runs shown in Table XI, and thus the data 
are not extensive enough to speculate as to the source of the first- 
order term.

Conclusion
The substitution reactions of Ni(CO)^, CoNO(CO)and 

Fe(NO)£ (CO)2 with the bidentate ligands used in this study are two- 

step processeso For the reactions of CoNO(CO)^ and Fe(NO)^ ( C O ) t h e  
second, ring-closing step is very much faster than the first step.
The first step is therefore rate-determining, and the observed kinetics 

for bidentate substitution are the same as observed for the substitu

tion reactions of CoNO(CO)^ and Fe(NO)2(CO)^ with monodentate ligands.
A two-term rate law was obtained for CoNO (CO) which can be explained^ 
by parallel first- and second-order paths for the initial step. The 
first-order path is dissociative and the second-order path proceeds 

through an associative mechanism in which the ligand donor atom attacks 

the cobalt atom. For Fe (NO) 2 (CO) 2/ the first step involves only a 
second-order, associative path (with the exception of the reaction with- 
diars which gives a two-term rate law, the origin of .which is not under

stood) . The second-order rate constants for these reactions clearly 
show that, at least for a series of ligands with the same donor atom, 
the ligand basicity is the most important factor in determining 
reactivity for the associative path, that is, the stronger bases are 

the best nucleophiles.

For the reactions of Ni(CO)4 with the bidentate ligands used 

here, the first dissociative step is very fast, being comparable to
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the rate of ring closure. The first step is therefore not rate~ 
determining, and the observed rate of CO evolution is a function of the 
rate of ring closure. As a consequence, the rate of the second step can 

be, and has been, measured. The first-order rate constants for the 
intramolecular ring closure indicate that this second step is an 
associative one. While no cases of substitution reactions of Ni(CO)^ 
via an associative mechanism have been reported, there are indications 
that at very high ligand concentrations a small second-order term 
appears. Apparently a bidentate ligand coordinated through one of its 
donor atoms presents its second donor atom at such a large effective 
concentration that the associative path for the second step becomes 
dominant.
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CHAPTER 4

INTRODUCTION— 11

Palladium(II) complexes of 1,10~phenanthroline first appeared in
the literature in 1949 when Ryan (42) reported the preparation of

Pd(phen)Cl2 and possibly Pd(phen) (NOg)^. Livingstone (_43) assumed the
investigation, and by 1951 had prepared several new palladium(.II)
phenanthroline compounds including the oxalato, dibromo, diiodo, dinitro
and di,thiocyanato complexes. Since .1951, there seems to have been no
systematic investigation of what new compounds of this type could be
prepared. New compounds have been reported irregularly one or two at
a time. One investigation claims the two remaining coordination posi- 

2+tions of Pd(phen) "accept all conventional ligands” (.44, p e 547).

Structure and Bonding
The structures of the diamine complexes of palladium(II)/

PdL^X^, where L is ammonia or an amine, and the phenanthroline 

complexes, Pd(phen)X2, are square-planar. The diamine complexes can 

exist as cis- and transyisomers, while the phenanthroline complexes are 
constrained to a cis-configuration. The transyisomers of the diamine 
complexes are much more stable than the corresponding cis-isomers*
Many cis-isomers cannot be prepared, and there are indications that 

cis-PdL2X2 complexes are stable only with ligands that are low in the 

trans-effect series (45, p. 113). This may also affect what ligands 
give stable Pd(phen)'X2 complexes. Cotton and Wilkinson C46, p. 1026)

54



55
contend Pd(II) shows a preference for ligands containing nitrogen, 

halogen, phosphorus, arsenic, sulfur, and selenium donor atoms, and 
small affinity for oxygen and flourine donor ligands. They suggest the 
strong bonding of the heavy atom donors is due to metal-ligand back- 
TT-bonding but say nothing about the Pd-N bond.

The palladium-nitrogen bond in the diamine complexes involves 
donation of a pair of electrons from an sp^ hybrid orbital on nitrogen 
to an empty orbital on palladium. Nitrogen has no empty orbitals of 
low enough energy to accept back-TT-donation from the metal, and the 
palladium-nitrogen bond is purely O in character (45, p. 114). In the 

phenanthroline complexes, the ^-electron system of phenanthroline may 
afford a low lying empty orbital of the correct symmetry to accept 
back-donation from the metal. A ^-component is then possible in the 

Pd-N bond with phenanthroline (45, p. 117) , as well as the c-component. 

Considerable difference in opinion exists as to the importance of 

TT-bonding in me tal-phenan thro line complexes, probably because there is *. 
little experimental information to work with. Nevertheless, TT-bonding 
in metal-phenanthroline complexes is frequently invoked.

The bond to the remaining two ligands in the Pd(phen)X2 
compounds is the same as for phenanthroline, a C-component and a pos

sible TT-component if the ligand X has an empty orbital of proper energy 

and symmetry to overlap with one of the filled d-orbitals of palladium.
Since the ligand X is constrained to be trans to a phenanthroline. v - _n ■
nitrogen, it must share the d -electrons from the same d-orbital on 

palladium. Therefore, the TT-bonding ability of X will certainly affect 

the ^-component of the Pd-N bond (46, p. 1026) . Direct evidence of this
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effect may be very difficult to obtain because of the lack of any 
quantitative measure of Pd-N TT-bonding in these compounds. •

Infrared Spectra

Infrared spectra of palladium(II) phenanthroline compounds give 
very little information about the Pd-N bond. In fact, there is dis
agreement in the assignment of metal-nitrogen modes. Weak bands for

-1Pd(phen)Cl^ around 450 cm in the.far-infrared have been claimed as
metal-nitrogen stretching frequencies by one group (47). Other workers

-1claim bands around 280 cm are more likely Pd-N stretching vibrations 
(48). This uncertainty is unlikely to be resolved without a normal- 
coordinate analysis of phenanthroline. At the present time, infrared 
spectroscopy is not a very useful method to study the nature of the Pd-N 
bond in Pd(phen)complexes.

Nitrogen-14 Nuclear Quadrupole Resonance Spectra

Theory

A nucleus with a nuclear spin quantum number greater than 1/2

has a nonspherical charge distribution and possesses an electric
quadrupole moment. The quadrupole moment is characteristic of the
particular nucleus, and.is a measure of the deviation of the charge

distribution of the nucleus from, spherical symmetry. • The quadrupole

moment interacts with the electric field gradient produced by the

asymmetry of the electron distribution about the nucleus to give
14different quadrupole energy levels. N is a quadrupolar nucleus.with 

a nuclear spin quantum number 1 = 1 .  For this case, three different
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energy levels are produced by interaction with the electric field 
gradient:

E+ = 1/4 e2qg(l + n)

E_ = 1/4 e2qQ(1 - q) [16]

Eq = -1/2 e2qQ

Since Ae = hv, transitions between these energy levels give three 
transition frequencies (49, p. 528):

v± = 3/4 (ehqQ) . (1 ± l/3n)
[17]

/ o - V 2 ^ n

From the observed frequencies V+/ V_ , and can be calculated the 
values of e2qQ/h, the nuclear quadrupole coupling constant, and r], the 

asymmetry • parameter.

In order to understand the meaning of the quadrupole coupling 
constant and the asymmetry parameter, the nature of the electric field 

gradient tensor and the quadrupole moment tensor must be understoode 
The electric field gradient tensor is a symmetric tensor, and.an axis 

system can be chosen such that all off diagonal elements are zero.
This axis system is called the principal axis system of the field 
gradient tensor, and the nonzero diagonal components are:
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92V

2qxx
92V

2qyy
92V '
3y2

[18]

where V is the electrostatic potential at the nucleus due to the 

surrounding charges (50, p. 4). It is conventional to choose the axis 
system so that

I eqzz I l'eqxxl -  le<2yyl [19]

It can be shown that the field gradient tensor is traceless, i,e.,

eqZZ + eqxx + egyy = °' [20]

so that only two components are independent (50, p. 4). The field 

gradient tensor is usually expressed in the two quantities eq and q, 
where

. e q  =  e q z z  a n d  n  =  t q x x  -  q y y V ^ .  • [ 2 1
The asymmetry parameter, q, measures the deviation of the field 
gradient tensor from axial symmetry. Equations [19] and [21] require 
that 0 j<q<_l, q = 0 corresponding to a field gradient tensor with 
axial symmetry about the z-axisv

The guadrupole moment tensor is also a symmetrical and trace

less tensor. Since the nucleus"also has cylindrical symmetry, the 
guadrupole moment tensor can be expressed as one parameter, the nuclear
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electric quadrupole moment eQ (49, p. 526). This nuclear quadrupole
interacts with the electric field gradient tensor; the nuclear

2quadrupole coupling constant e qQ/h is a measure of the strength of the 
interaction. The energy of interaction depends upon the orientation of 
the nucleus with respect to the principal axis system of the electric 
field gradient tensor (49, p» 522). For with nuclear spin 1 = 1 ,  
there are three possible orientations of .the nucleus giving rise to 
the three energy levels of equation [16]. Transitions between the 
energy levels can be visualized as the nucleus simply changing its 
orientation with respect to the electric field gradient. x

Experimental
14 'In practice, the detection of the N NQR spectra of the 1,10-

phenanthroline complexes of palladium(II) present several difficulties. 
14Since the actual N NQR measurements were performed at the University

of Illinois and have been described (51), only a brief discussion of
14the problems of obtaining N NQR data in general will be discussed 

here.
Naturally occurring nitrogen atoms consist of 99.6% Since

nitrogen is found in such a wide variety of both organic and inorganic
14compounds, NQR investigations of N are fairly numerous. However,

14the quadrupole moment of the N nucleus is relatively small, Q =

+0.016 x 10 cm2. As a consequence, the coupling constants are 

small, and the quadrupole resonance frequencies are low. Conventional 

direct observation methods in which the nucleus directly abosrbs 
applied radio frequency energy, Ae = hv (where Ae is the energy between
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quadrupole levels and v is the resonant frequency) , do not yield NQR
spectra at frequencies below about 2 MHz (52, pp. 10-11). For this

14reason, direct detection of N NQR lines has been successful in less
than half the compounds attempted (49, p. 524). The recent-development
of double resonance techniques has made it possible to detect pure
quadrupole resonance down to about 50 KHz (53). Double resonance
techniques can be particularly useful for the study of phenanthroline
complexes because coordination of phenanthroline results in a lower
field gradient at nitrogen as compared to free phenanthroline* This
lower field gradient is due to partial loss of the lone pair of
electrons on nitrogen which dominate the field gradient (54) (see

14below). The small field gradient at the N nucleus results in a

small coupling constant and lower resonance frequencies. The double
resonance via level crossing technique^used by Brown's group has made

14it possible to observe the 1 N NQR spectra of the 1,10-phenanthroline 

complexes of Pd(II) (51).

Interpretation

The value of nuclear quadrupole resonance is in the information 
it can yield about the nature of-chemical bonds. Measured coupling 
constants and asymmetry parameters tell something about the local 
distribution of electrons around the nucleus under study. Information 
can be obtained on the relative distribution of 0- and it-'electrons, and 

the degree of double bonding. Interpretation of NQR data in terms of 
the electronic environment about the nucleus is unambiguous only if the 

wave functions of all the electrons in the molecule are known* Since
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this is impossible, translation of NQR data into simple chemical terms
depends on developing approximate models,

Hsieh et al. (55) have developed a modified Townes-Dailey model
(56) for pyridine complexes. This model makes it possible to relate 14N
NQR data to the degree of charge transfer from the nitrogen donor-''
orbital of pyridine to the Lewis acid. Since phenanthroline is similar
to pyridine in both structure and bonding, it was thought the model
used to interpret the pyridine NQR data could be used as well for
phenanthroline complexes. In order to test this, the Pd(phen)

14complexes prepared here have had their N NQR spectra determined by 
Brown's group at the University of Illinois. The results show the 
phenanthroline data fit the pyridine model well, and the donor-orbital 

occupancies of the phenanthroline nitrogens have been determined (51) .

Purpose
The purpose of this study is to prepare and characterize new

palladium (II) complexes of 1,10-phenanthroline of the type Pd (phen) ,
Pd (phen) XY, and Pd (phen) Z, where X and Y are monodentate ligands and

Z is a bidentate ligand. The Pd (phen) and Pd (phen) Z complexes, along

with some previously prepared complexes of this type, will have their 
14 .N NQR spectra determined. The NQR data will be analyzed by comparison 

with previously determined "^N spectra to see what information can be 
learned about the palladium-nitrogen bond, as well as any further
structural information.



CHAPTER 5

EXPERIMENTAL— II 

Chemicals

Dichloro (1,10-phenanthroline) palladium (II).

Pd(phe'n)Cl2 was prepared by an adaptation of the method of 
Livingstone (43). The K^PdCl^ (5.00 grams) was dissolved in dilute 
hydrochloric acid (3 liters water + 10 ml concentrated hydrochloric 

acid) before being added to the phenanthroline (3.20 grams) solution. 
The golden yellow product was heated with stirring at 80° for 24 hrs 

before being isolated. Yield 5.4 grams (98%). Anal. Calcd for 
Pd (phenfei^r N, 7.82; Cl, 19. 82. Found: N, 8.04; Cl, 19.64.

Dibromo (1,10-phenanthroline) palladium (II)

Pd(phen)Br2 was - prepared by the method of Livingstone (_43) with 

the modification of adding hydrobromic acid (10 drops) and KBr (10 
grams) to.the K^P^Br^ solution. Yield 1.09 grams (98%)  ̂ Anal. Calcd 

for Pd(phen)Br2: Pd, 35.8. Found: Pd, 36.1.

Diiodo (1,10-phenanthroline)palladium(II)

Pd(phen)I2 was prepared by the method of Livingstone [43) 

except that K2PdI^ was prepared from K^PdCl^ (4.1 grams) dissolved in 

water (2 1) by adding HI (1 ml) and KI [300 grams) and allowing the 

solution to stand overnight. Phenanthroline [2.50 grams) dissolved in 
water (2 1) was then added to the solution. Yield 6.7 grams [98%).

62
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C, 26.6; H, 1.5; N, 5.0; I, 47.4.

Dithibcyanato(1,10~phenanthroline)- 
palladium(II)

^Pd (phen) (SCN) 2 was prepared by an adaptation of the method of 
Livingstone (43) using 1.00 gram of K^PdCl^ and 1.60 grams of KSCN, and 
filtering the K^Pd(SCN)^ solution prior to use. Anal. Calcd for 
Pd(phen)(SCN)2: Pd, 26.3. Found: Pd, 26.1.

The next eight coirpounds were prepared from a solution of water-
soluble dinitrato(1,10-phenanthroline) palladium (II) presumably contain-

2+ing the ion Pd (phen) (Ĥ O).̂  in solution. This lemon yellow solution
was prepared by grinding Pd(phen)Cl2 (4.00 grams, 11.2 mmol) in'a mortar

with AgNOg (3.90 grams, 22.4 mmol) and a small amount of water (5 ml)
until a homogeneous paste was obtained. Water (100 ml) was added, and

the mixture was allowed to stand in the dark. After 48 hrs, the mixture
was added to 3.5 1 of water and heated to 80° with stirring. It was

filtered to remove the bulk of the silver chloride and filtered twice
more through celite to give a clear solution containing approximately

2+2.8 mmol Pd (phen) (H20) 2 per liter.

Dinitrato(1,10-phenanthroline)palladium ClI)
Two liters of concentrated nitric acid were added to 4 liters 

2+of the Pd (phen) (H^O) 2 solution. After being stirred overnight, the 

resulting yellow precipitate was filtered out, washed with acetone, and 

dried in a vacuum. Yield 4.17 grams (91%) of a light yellow powder.

Anal. Calcd for Pd(phen) • C, 26.7; H, 1.5; N, 5.2; I, 47.6. ‘ Found:
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Pd, 25.9; C, 35.25; H, 2.04.

N-cyanodithiocarbimato(1,10~phenanthroline)- 
palladium(II)

Dipotassium N-cyanodithiocarbimate, K2S2C2N2 (3.00 grams,
15.5 mmol) was dissolved in water (100 ml) and the solution added with

24-stirring to 4 1 (11.2 mmol) of the Pd(phen) (Ĥ O) 2 solution. Stirring
was continued for 3 hrs, the yellow precipitate filtered out, re-

■

slurried in water .(2 1), and allowed to stand overnight. The precipi-- - 
tate was filtered out, washed with water and acetone until the acetone 
was colorless, and dried in a vacuum. Yield 3.39 grams (75%) of a 
yellow powder. Anal. Calcd for Pd(phen) : Pd, 26.4; C, 41.79;
H, 1.99. Found: Pd, 26.7; C, 41.87; H, 2.06.

Dicyano (1,10-phenanthroline)palladium(II)

NaCN (0..60 gram) in water (200 ml) was added to 2 liters of the 
2+Pd(phen)(HgO)^ solution with stirring. The white precipitate was 

filtered out, washed with water, and dried in a vacuum. Anal. Calcd. .. . 
for Pd(phen) (CN) 2: Pd, 31.4. Found: Pd, 31.5.

Oxalato(1,10-phenanthroline)palladium(II)

Potassium oxalate monohydrate (3.00 grams) in water (100 ml)
' 24-was added to 4 liters of the Pd(phen) 2 solution in the dark.

After 3 hrs of stirring, the precipitate was filtered out, washed with 

water and acetone, and dried in a vacuum, all in the dark. Yield 3.63 
grams (87%) of very pale yellow plates. This compound had been 

prepared previously by a different method (43). Anal, Calcd for

Anal. Calcd for Pd(phen) (N03) 2: Pd, 25.9; C, 35.12; H, 1.95. Found:
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H, 2.24.

Malonato(1,10~phenanthroline)palladium(II)
Potassium malonate (58) (3.00 grams) dissolved in water (100 ml)

2+was added to 2 liters of the Pd(phen) (H^O) 2 solution and stirred for 
2 hrs in the dark. The pale yellow precipitate was filtered out, washed 

with water and acetone, and dried in a vacuum, all in the dark. Yield
I. 95 grams (90%). Anal. Calcd for P d ( p h e n ) P d ,  27.3; C, 46.39;
H, 2.58. Found: Pd, 27.2; C, 46.09; H, 2.63.

o-Phthalato (li-10~phenanthroline)palladium(II)

P d ( p h e n ) w a s  prepared like the malonato compound, adding 
instead potassium acid phthalate (1.25 grams) in water (100 ml). Yield 

2.35 grams (93%) of a yellow solid. Anal. Calcd for Pd(phen).CgH^0^:
Pd,-- 23.6; C, 53.33; H, 2.67. Found: Pd,. 23.5; C, 53.06; H, 2.88.

Dinitro(1,10-phenanthroline)palladium (II)
Sodium nitrite (1.00 grams) in water (50 ml) was added to 2

2+liters of the Pd(phen) (H^O)^ solution with stirring for 3 hrs. A 
yellow suspension resulted which could not be filtered and would not 
settle. It was heated to boiling and cooled to room temperature giving 

a yellow precipitate which was filtered out, washed with water and 
acetone, and dried in a vacuum. Yield 1.20 grams (57%> of fine yellow 

crystals. This compound had been prepared previously by a different 

method (43). Anal. Calcd for Pd(phen) (NCt ) 2: - Pd, 28.0;. C, 38,..10; H,

Pd(phen)C O : Pd, 28.3; C, 44.92; H, 2.14. Found: Pd, 28.6; C, 44.74;

2.12. Found: Pd, 27.9; C, 38.38; H, 2.36.
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cis-1,2-Dicyano-lf 2-ethylenedithiolatd- 
(1,1O-phenan'fchroline}palladium(II)

Recrystallized sodium cis_~l,2-dicyano-1,2-ethylenedithiolate,

Na2S2C4^2 (4.0 grams), in water (200 ml) was added to 4 liters of
2+the Pd(phen) (H^O)^ solution at 80*0. After stirring for 2 hrs at

80°, the precipitate was filtered out, washed with water, ethanol, and
dried under vacuum. Yield 4.50 grams (94%) of a rust colored solid.
Anal. Calcd for Pd(phen)S_C.N_: Pd, 24.9; C, 45.07; H, 1.88. Found:--- ^ 4 2
Pd, 24.8; C, 44.74; H, 1.91.

Allyl(l,10~phenanthroline)palladium(II) Chloride
[TT-C^H^PdCl] ̂  (60) (1.95 grams, 5.3 mmol) was dissolved in

chloroform (50 ml) and added to a solution of anhydrous phenan thro line 
(2.07 grams, 11.5 mmol) in chloroform (50 ml) with stirring. The 
resulting white precipitate was collected by filtration, recrystallized 

from methanol, washed with chloroform, and dried in a vacuum at 65° for 

24 hrs. Yield 2.70 grams (70%) of an off white powder. Anal. Calcd 
for TT~C3H5Pd(phen)Cl: Pd, 29.1. Found: Pd, 28.9.

Bis(1,10~phenanthroline)palladium(II) Perchlorate
[Pd(phen)2] (ClO^) 2 was prepared as in the literature [43) a n d  

recrystallized from water.

Bromocyano(1,10~phenanthroline)palladium (II)

Tris(dibenzylideneacetone)dipalladium(chloroform)f 
Pd2 (C17H14O)3 (CHCI3) (61) (2.45 grams) was slurried in a diethyl ether

(50 ml) under nitrogen. BrCN (1.23 grams) in ether (50 ml) was added 
from a dropping funnel with stirring. Stirring was continued for an
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hour. At this point, phenanthroline monohydrate (2.45 grams) in 
chloroform (50 ml) was added from a dropping funnel and stirring was 
continued for another hour as the slurry changed color from dark 

purple to light green. The precipitate was filtered out, washed with 
acetone, chloroform, and ether and dried in a vacuum. Yield 1.73 grams 
(93%) of a light green solid. Anal. Calcd for Pd(phen)BrCN: Pd, 27.0; 
C, 39.80; H, 2.04.. Found: Pd, 26.8; C, 39.97; H, 2.06. '

Cyanoiodo(1,10-phenanthroline)palladium(II)

Pd (phen) ICN was prepared like the bromo compound, adding ICN 
(1.30 grams) instead of BrCN to yield 1.92 grains (92%) of a light brown 
solid. Anal. Calcd for Pd (phen) ICN: Pd, 24.1; C, 35.53; H, 1.82.
Found: Pd, 23.9; C, 35.38; H, 2.00.

Fumaronitrile (T, lO-phehanthroline)palladium (0)
Pd (phen) C^H^N^ was. prepared as in the literature 062) . It 

proved to be impure and was recrystallized twice by dissolving in boil
ing chlorobenzene, filtering and cooling slowly, to 0°C.

Diacetato(1,10-phenanthrolinej palladium (II)
Palladium acetate (63) (0.80 gram) dissolved in benzene (100 ml)

was added slowly and with stirring to a solution of anhydrous 
phenanthroline (0.70 gram) in benzene (100 ml). Stirring was con

tinued for 2 hrs, and the resulting orange-yellow solid filtered out, 

washed with benzene followed by ether, and dried in a vacuum. It was 

then recrystallized‘from water, washed with acetone, and dried under



68
vacuum at 80° for 24 hrs. Yield 1.16 grains (80%) of a light yellow 
powder. Anal. Calcd for Pd(phen)(OOCCH )2: Pd, 26.2. Found: Pd, 26.2.

Elemental Analyses
Palladium .analyses were accomplished by pyrolysis of the 

complexes in small porcelain crucibles. The palladium metal was cooled 
in a stream of nitrogen to prevent oxide formation, and weighed on a 
single pan analytical balance. Analyses of other elements were 
performed by Huffman Laboratories of Wheat Ridge, Colorado.

Infrared Spectra

Infrared spectra of all the complexes were obtained as KBr 
disks (with the exception of the diacetate which was done in a Nujol 
mull) on a Perkin-Elmer■Model 337 spectrophotometer with air in the 
reference beam.

Nuclear•Quadrupole Resonance Spectra 
14The N NQR measurements were performed by Dr. T. L. Brown's 

group at the University of Illinois at Urbana-Champaign. The method 

employed was the double resonance, level-crossing technique at 77°K. 
This method along with the instrumentation has been described (53). In 

all cases to be reported later the transitions were•actually observed.



CHAPTER 6

.RESULTS AND DISCUSSION— II
l

In the course of this work, the following new palladium C H ) 
compounds of 1,10-phenanthroline were prepared and identified: the N~ 
cyanodithiocarbimato, dicyano, malonato, o-phthalato, cisy1,2-dicyano- 
1,2-ethyTenedithiolatOf bromocyano, cyanoiodo, diacetato complexes, and 

possibly the dinitrato complex. Also the new palladium(.11) salt, 7T- 
allyl(1,10~phenanthroline)palladium(II) chloride, was prepared. Several 

previously prepared palladium (II) compounds of the type PdL^X^ and 
PdL^XY, in which the neutral ligands are phosphines or bipyridine, could 
not be prepared when phenanthroline was the neutral ligand. Possible 

reasons for the relative stabilities of the PdL^X^ compounds with change 
in both L and X are discussed below in terms of O'- and TT-bonding to 

palladium.

Stability of Complexes

It was noted in Chapter 4 that the trans-isomers of PdL^X^,2 2
where L and X are monodentate ligands, are more stable than the

corresponding cis-isomers (64). Reasons for this are not clear, but
\seem to involve the relative C- and TT-bonding ability of both L and X.

The back-TT-bonding in these square-planar complexes involves electron

donation from filled d-orbitals on the metal to empty orbitals on the

ligands. Only three d-orbitals on the metal are of the proper
symmetry to TT-bond to the four ligands, the d , d , and d . Ofxy yz xz

' 69
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these, the d and d can interact only with two ligands trans to each xz yz • — -—
other in the square-plane. Therefore, two ^-bonding ligands disposed 
trans to each other must share the d^-electrons of one of these 

orbitals, either d ^  or d^. Two ^-bonding ligands cis to each other 
each use one of the d^-orbitals, and ^-bonding is enhanced (65). 
Neglecting other effects, two strong TT-bonding ligands will tend to be 
cis to each other.

The O-bonding situation in the PdL^X^.complexes is similar to 
the TT-bonding case. Of the four metal orbitals used for a-bonding, only 
the p^ and p^ have trans-directional properties. Therefore, two 
ligands trans to each other must share the same p-orbital, an average 

of 1/2 p-orbital for each ligand (23, pp. 25-26). A strong a-bonding 
ligand will put a great deal of negative charge into, the metal O-orbital, 

thereby repelling the O-electrons of a ligand trans to it which must use 
the same p-orbital (6, p. 372). Thus, ligands that bond to palladium, 

exclusively by o-bonds will tend not to be trans to a strong a-bonding 
ligand.

Based solely on a- and TT-bonding considerations, cis-PdL^X^ 
complexes should be most favored when two ligands are strong TT-bonders 
with weak 0-bonds, and the other two ligands are strong O-bonders with 

weak or no TT-bonding ability. In this manner, the TT-bonding ligands 

are trans to ligands which do not compete for d^-electrons and TT-bonding 
is at a maximum. The a-bonding ligands ar§.trans to ligands in whigh 

a-bonding is not important, and therefore trans O-bond weakening is at 

a minimum. Ligand .0- and TT-bonding capacity fails to take into account 

other factors which may contribute to cig_-stabilization f such as ligand
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electronegativity and steric requirements, but the few known stable 
cis-PdL^X^ complexes are in accord with this supposition.

Pd(AsEt ) (CH ) has a cis_-configuration (66), as does Pd(NO ) (Me SO) _ 

(67) . Both of these compounds have two ligands that are bound to Pd 
mainly by C-bonds (CH^ and NO^ ) and two ligands that are good tt- 

bonders (AsEt^ and DMSO), as expected for cis-stabilization. It should 
be noted that small changes can alter the relative isomer stability.
For example, Pd(AsEt0)^(C^H^)^ and PdCl0(Me^SO) ̂  have trans-J Z b 3 2 2 2 2 ---- =—
structures, probably due to the increased TT-bonding of over CH^

and Cl over NO^ , respectively. The Pd(phen) complexes are 
constrained to a cis_-configuration, but the same a- and TT-bonding 
considerations that determine the PdL^X^ structures may also determine 
which Pd (phen) coirplexes are stabilized, and therefore can be pre
pared.

In order to infer the stability of the Pd(phen)complexes, it
is first necessary to understand the nature of the bonding between Pd

and phenan thro line. It was noted in Chapter 4 that the bonding involves
2donation of a pair of electrons from an sp hybrid orbital on each

2nitrogen to empty dsp hybrid orbitals on palladium. In addition to 
this a-component, there is the possibility of a Tf-component in the Pd-N
bond by back-donation of electrons from a filled palladium d-orbital

Xto an empty orbital of the TT-system of phenanthroline. The importance 
of the TT-component is an area of some, disagreement. What little 

evidence there is, seems to indicate that a Pd-N TT-component does 

exist (68, pp. 189-190) , but is weak when compared to other TT-bonding 

ligands (6, p. 538) . If this is so, then the Pd-N bond is mainly a
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CT-bond. And if Rasmussen and Jurgensen1 s (44, p- 547 ) observation that
"phen an thro line is so strongly bound to palladium that one may consider 

2 +Pd(phen) as a new 15-atomic heterocyclic ring system” is correct,
phen an thro line must be considered a strong a-bonder to palladium.
Therefore, based on the above considerations, Pd(phen)complexes
should be more stable when X is a good ^-bonding ligand than when X
bonds to palladium mainly by a-bonds.

In discussing the stability of the Pd (phen) X^ complexes, it must
be understood what kind of stability is being considered. If the 

2 +Pd(phen) ring system is as strongly held together as Rasmussen and 
Jorgensen suggest, then it is reasonable to assume that the Pd-X bond 
strength determines the stability of these compounds, whether it be 

thermal stability or solvolytic stability. Oxidative and photolytic 
stability will not be considered, although one of the compounds , the 

oxalato, decomposes on exposure to light. Many of the Pd(phen)X^ com

plexes were prepared from an aqueous solution of Pd (phen) (H2°̂  2 ^  ^  

simply adding an aqueous solution of the proper anion. These compounds 
are notoriously insoluble (64) , and precipitate out if the Pd-X bond is 
stable to solvoly sis by water. In this manner were prepared the 

dlchloro, dibromo, diiodo, dithiocyanate, dinitro, dinitrato, dicyano, 

N-cyanodithiocarbimato, oxalato, malonato, and o-phthaiato complexes.

In four of these compounds, the Pd-X bond can have only a 0-component, 
and therefore would be expected to be less stable than the rest. In. 

fact, three of these, the oxalate, malonate, and o-phthalate, may owe 

their stability to the increased entropy of chelation. Only the di

nitrate contains monodentate non-TT-bonding X groups.
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Support for the idea that Pd(phen) complexes are less stable 

with cr-bonding ligands comes from the observation that several complexes 
with O-bonding anions (such as OH , CO^, and CH^) could not be isolated, 

probably due to solvolysis of the Pd-X bond. TT-Bending ligand anions 
always led to stable products, however, several (including the thio
sulfate, dicyanato, trithiocarbonato, dithiooxalato, bromoiodo, and 
chloroiodo complexes) could not be obtained pure. Since these complexes 
are insoluble in every solvent tried, they could not be purified by re- 
crystallization. In fact this was a problem with many of the Pd(phen) X^ 
complexes, which had to be re-prepared several times before pure samples 
were obtained.

The thermal stability of these Pd(phen) X^ compounds is generally 
in agreement with the concept that 7T-bending X groups form more stable 
complexes. Table XII shows the thermal stability data. All of the 
complexes with m-bonding X groups are stable to at least .330° with the 

exception of the N-cyanodithidearbimato and dinitrito complexes , which 

decompose at 315°, and the dithiocyanato complex, which decomposes at 

320°. In contrast, the compounds with X groups which bond to palladium 
with a-bonds all decompose below 330°. The complexes with oxygen 
bonded X groups seem to be the least stable. The diacetate, which could 

not be prepared in aqueous solution, presumably due to solvolysis of the 
Pd-0 bond, is stable- to only about 240°..

Another way of looking at the stability of these Pd(phen)X^ 

complexes, and in particular the stability of the Pd-X bonds, is - in the 

concept of "hard" and "soft" acids and bases (30). If phenan thro line is 
a good TT-bonding ligand, electron density of palladium is decreased and
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Table XII. Melting Points of Palladium(II) Complexes of 1,10- 
Phenanthroline

Compound Melting Point, °C

[ (phen) Pd (TT-C^) ] Cl 
(phen)Pd(OOCCH3)2 
(phen)PdC^H^O^
(phen)PdC4H2N2 
(phen) PdC204 
(phen)Pd(SCN)2 
(phen)Pd(o-phthalate) 
(phen) Pd (CN) 2

(phen)Pd(NQ2) 2 
(phen)PdS2C2N 
(phen) Pd (NO^) 
(phen)PdS2C4N2 
(phen)PdCl2 . 
(phen)PdBr2 . 
(phen)PdI2 
(phen) PdIBr 
(phen)PdlCN 
(phen) PdBrCN 
Pd (phen) 2 (C104) 2

^ 200 (decomp.)
^ 240 (decomp.)
^ 245 (decomp.)
^ 250 (decomp.)
^ 255 (decomp.)
^ 265 (decomp. 320°)
^ 270 (decomp.)
slightly darkens at 275-280° does not melt or 
decompose up to 330°
^ 315 (decomp.)
^ 320 (decomp.)
^ 325 (decomp.)
stable and does not melt up to 330°
stable and does not melt up to 330°
stable and does not melt up to 330°
stable and does not melt up to 330°
stable and does not melt up to 330°
stable and does not melt up to 330°
stable and does not melt up to 330°
stable and does not melt up to 330°
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the metal becomes relatively "hard*" In this case, the Pd(phen)
complexes would be more stable with X groups with "hard" donor atoms
such as nitrogen and oxygen. On the other hand, if phenan thro line is a
good (J-bonding ligand and a poor TT-bonder, as postulated, palladium is
relatively "soft," and more stable complexes will be obtained with X
groups with "soft" donor atoms, as observed. The effect of "softness"

2+of the PdL^ moiety was noted earlier in the linkage isomers of some 
palladium thiocyanate complexes (69, 70). When palladium(II) complexes 
contained good ir-bonding ligands , such as phosphines and arsines , thio
cyanate was seen to bond to palladium through the "hard" nitrogen atom. 
With non-ir-bending ligands such as amines in the complex, the thio
cyanate group bonds through the "softer" sulfur atom. It is interesting 

to note that in the Pd(phen) (SCN) ̂  complex the thiocyanate groups bond 
to palladium through the sulfur atom, as expected, but the Pd(bipy)^
(NCS)^ complex contains N-bonded thiocyanate groups. This indicates 
that bipyridine is a somewhat better TT-bonder to palladium than is 
phenanthroline, and that small changes in the ligands bonded to 
palladium(II) may change the stability of these square-planar complexes, 

as noted earlier. The idea that bipyridine is a better TT-bonder to 

palladium than phenan thro line may also explain why several stable
Pd(bipy) X̂  complexes with cr-bonding (or "hard") X groups exist, most

\ ■notably the dimethyL and methyl iodide complexes, whereas the analogous- 

compounds could not be prepared with phenanthroline as the bidentate 
ligand.

The observation of Chatt (71), that the strength of coordina

tion of any ligand to Pt(II) is very sensitive to the nature of the
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remaining ligands attached to the metal seems to be true for the square- 

planar complexes of Pd(II) also. Therefore, it makes little sense to 
say certain ligands show a preference for, or form more stable complexes 
with, Pd(II) unless the rest of the molecule is defined and well under
stood. The necessarily cis_-complexes of Pd(phen) , Pd(phen) XY, and 
Pd(phen) Z (where X and Y are monedentate ligands and Z is a bidentate 
ligand) appear to form stronger Pd-X, Pd-Y, and Pd-Z bonds, and there

fore more stable complexes with ligands that bond to palladium via a 
donor atom capable of TT-bonding with palladium.

S tructure
The structures of all of the palladium(II) complexes of 

phenanthroline, P d (phenX X^ , Pd (phen) XY, and Pd(phen) Z, are ps eudo-squ are- 
planar, with two cis-positions being occupied by the nitrogens of 
phenanthroline, and the other two positions by the donor atoms of 
either X, Y, or Z. Some of the assumed structures are shown in Figure 

12. These illustrations are intended to show the arrangement of ligands 
about palladium, and the donor atoms used by the various ligands only. 
Bond lengths and angles are not known for certain, as no crystal 

structures have been reported for any of these complexes. The assigned 

structures are based on infrared evidence and the known bonding modes of 

some of the ligands. All of the complexes with bi dentate ligands are 

assumed to be monomericr but this is not known for certain.

Some of the obvious structures are not shown in Figure 127 such 

as the dihalides, the dicyano complex, and the cyanohalides 0 The 

cyanide containing complexes are assumed to involve normal Pd-C-N type
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palladium(II)
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cis-1,2-Dicyano-l,2-ethylene- Dithiocyanato(1,10-phenanthroline)
dithiolato(1,10-phenanthroline)- palladium(II)
palladium(II)

Figure 12. Assumed Structures of Palladium Complexes of 1,10- 
Phenanthroline
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Oxalato(1,10-phenanthroline)- 
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o-Phthalato (1,10-phenanthroline)" 
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Malonato(1,10-phenanthroline) 
palladium(II)

Allyl(1,10-phenanthroline) 
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V H▼CN

Bis(1,10-phenanthroline)- 
palladium(II) perchlorate

Fumaronitrile(1,10-phenanthroline) 
palladium(0)

Figure 12.— Continued
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cyanide bonding. The sharp O N  stretching bands for the three cyanide
containing complexes, Pd(phen)ICN, Pd(phen) (CN) 2, and Pd(phen)BrCN,

”"1 "* 1 ““loccur at 2110 cm r 2115 cm , and 2125 cm , respectively. All three
are a little lower than the O N  stretching frequency in the ion 

- 2- -1Pd (CN) ‘ , which is found at 2143 cm (72, p. 179) . Increased Pd-C
TT-bonding due to the fact that the cyanide groups are trans to weakly 

TT-bonding phenanthroline would account for the lowering of the O N  
stretching frequencies - in the phenanthro line complexes.

Acetate ion can coordinate to a metal as a monodentate ligand, 
as a bidentate chelating ligand, or as a bridging ligand. Since the 
acetate ion possesses low symmetry, no large differences in infrared 
spectra are expected for the various possible structures (63) . How
ever, the bipyridine complex, Pd(bipy) (OOCCH^) ̂ , has been prepared, and 

is thought to be a monomer with monodentate acetate groups (68) . Since

the infrared spectra of the phenanthroline complex; is similar to the
-1bipyridine complex (acetate bands claimed to be at 1634 cm and 1307

-1 - 1 - 1  cm for Pdjbipy] [OAc]^ versus 1625 cm and 1310 cm for Pdlphen]
[OAc]2) * the structure of Pd(phen) (OOCCH^) ̂  is assumed to be monomeric 
with menodentate acetate groups, as shown in Figure 12. It is inter
esting to note that the infrared spectrum of Pd(phen) (OOCCH^) ̂ could

not be obtained in a KBr disk (it was done in a Nujol mull). When the
■complex was ground with KBr a color change from yellow to orange was 

noted, presumably due to formation of Pd(phen)Br^.

The structure of Pd(phen)(NO^)̂  almost certainly contains 

nitrogen bonded nitrite ligands. The cyrstal structure of Pd(2,9- 

di ire thy 1-1,10-phen an thro line) has been done, and shows nitrogen
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bonded nitrite groups (73). Also, the infrared spectrum of Pd(phen)-

-i(N°2^2 shews NO^ asymmetric and symmetric stretches at 1335 cm and 
~11260 cm , respectively, indicative of N-bonded nitro complexes (72, 

pp. 160-165) . Finally, the 0N0 bending band is split into two peaks at
— 1 — j[_ — f810 cm and 805 cm , and there is an extra peak at 1315 cm ,

characteristic of cis-dinitro complexes (74) .

The infrared spectrum of Pd(phen) (NOg) 2 similar to that
reported for the bipyridine complex, Pd(bipy) 2 e bipyridine

-1complex shows the NO^ asymmetric stretch split at 1517 cm and 1502
—  1 —  1 cm , the NO^ symmetric stretch at 1274 cm , and the N-O stretch at

-1 -1 979 cm (75) . Corresponding Pd(phen) (NÔ ) ̂  bands fall at 1490 cm
—1 — 1 — 1and 1480 cm , 1274 cm , and 995 cm . The spectra of both are con

sistent with monodentate, oxygen-bonded nitrate ligands (72, pp. 171- 

172) , as was proposed for the bipyridine complex (75) . Gatehouse, 
Livingstone, and Nyholm (75) also noted that the frequency of the N-0 
stretching vibration would be expected to vary considerably in going

from an ionic to a covalently bound: nitrato group. They found ionic
-1nitrates such as potassium nitrate absorb around 1050 cm while co-

-1valently bound nitrate in CH^NO^ shows an N-0 stretch at 854 cm . For
-1Pd(phen) (NOg) 2 * t*16 N-0 stretching frequency at 995 cm indicates a 

Pd-0 bend somewhere between pure ionic and pure covalent.

There is strong evidence that both N-cyanodithiocarbimate,
2-  2-  S2C2N2 7 cis-1,2-dicyano-1,2-ethylenedithiolate, S^C^N^ , function

as bidentate chelating ligands with sulfur coordination. In the ion 
2-Pd(S2C2N2) £ / which contains two chelate-N-cyanodithiocarbimate ligands

with a square-planar arrangement of sulfurs about the metal (76) , the



81
infrared ligand bands are very similar to the Pd(phen) complex.
Pd(phen) S CnN_ shows strong bands due to the N-cyanodithiocarbimate 

2. 2. A
—  1 “1 "“1 “ l  —  1ligand at 2160 cm r 1485 cm , 1430 cm , and 953 cm . The 2160 cm

band is due to the terminal C-N stretch, and indicates a lack of
cyanide nitrogen coordination to the metal (76) . The crystal structure

2-of a salt containing the nickel ion, Ni (S2C2N2̂  2 ' hias been completed
(77). The N-cy anodi thiocarbimate- ligand chelates through the two sulfur 
atoms, and the C-N-C linkage is nonlinear (C-N-C angle is 115°) , as
depicted in Figure 12 for P d ( p h e n ) . cis-l,2-Dicyano-l,2-ethylene-
dithi olato (1,10-ph enan thro line )palladium(II) gives strong infrared

— I — t. —* iligand bands at 2180 cm (C-N stretch) , 1480 cm , and 1160 cm , and
almost certainly has the structure shown in Figure 12.

Thiocyanate ion, SCN , may coordinate to a metal through either
the nitrogen or the sulfur atom. The well known and much discussed
Pd(phen) (SGN)2 complex is known to have S-bonded thiocyanate groups with

-1a strong, sharp C-N stretch at 2114 cm and a weak C-S stretch at 696 
-1cm (78) . The Pd(phen) (SCN) ̂  prepared here shows a strong, sharp peak

-1 -1 at 2110 cm and a weak absorption at 694 cm , in good agreement with

sulfur-bonded thiocyanate. Since the M-SCN group is always bent. (72,
p. 187), the structure of Pd(phen) (SCN);̂  is so- depicted in Figure 12.

In PdCphen) C^O^, the oxalate group undoubtedly acts as a bi-
\ *dentate chelating ligand, as it does in PdtPPh^) 2C2°4 • The spectra

of these two complexes are quite similar, Pd(phen) giving strong
—  1 — I  —1 —1 —1oxalate bands at 1705 cm , 1680 cm , 1665 cm , 1595 cm , 1330 cm ,

-1 Oxalate frequencies in the. spectrum of PdfphenjC^O^ areand 800 cm

found between those of the ionically bonded alkali metal oxalates and
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covalent dimethyl oxalate (80) , suggesting partially covalent Pd-0 
bonds , Both o-phthalato (1,10~phenantJiroline)palladium(II) and 
malcnato (1, lO-phenanthroline)palladiuiri(II) shew infrared bands similar 
to Pd(phen) C^O^. Strong bands due to the o-phthalate ligand occur at

-1 -i -i -i1565 cm , 1410 cm , 760 cm , and 655 cm , while strong malonate
—  1 “ 1 —  i  —»i  —  ibands are found at 1635 cm , 15 75 cm r 1360 cm , 960 cm , 935 cm f 

-1and 790 cm „ The spectrum of Pd(phen) is also similar to that
of K^Pd(C^H^O^) in which bidentate chelating malonate ligands are pre
sumed (58). Therefore the structures' of both Pd(phen)C^H^O^ and 
Pd(phen) CqH40^ are assumed to have bi dentate chelating di carb oxy late 
li gands.

IT-Ally 1 palladium complexes have been extensively studied by

X-ray crystallography.. In nearly all cases r the allyl group is sym-
metrically'^TT-b'onded to palladium, with all three Pd-C bond distances

equal and both C-C bond distances equal. Equal Pd-C bond lengths
require that the plane of the TT-allyl group (containing the three
carbon atoms) be out of the square-plane containing palladium. The

dihedral angle between these two planes is generally about 116° ± 10°

(45, p. 430) . A symmetrically bonded TT-allyl' group has been assigned in
-f" —the structure of TT-C^H^Pd(bipy) Cl (81) and is the structure assumed

+ —for Tr-C^H^Pd(phen) Cl , shown in Figure 12. Weak to medium absorptions
— i — 1 —■ 1are shown at 1455 cm , 985 cm , and 795 cm due to the TT-allyl

-j- —ligand in the infrared spectrum of TT-p^H^Pd(phen) Cl ;

The structure of bis (phenanthroline)palladium(II) perchlorate 
involves coordination of the two ph en an thro line groups in trans

positions around palladium. Structures of this type are thought to



83
involve strong inter-ligand proton interactions at the 2 and 9 positions 

of phenan thro line (82) . In order to relieve this stress in a similar 
bis-bipyridine complex, , [Pd(bipy) 2 ] (NO^ ̂ (H^Q) , the bipyridine groups 
are tilted in opposite directions , resulting in two trans-nitrogen 
atoms being situated above, and the other two below, an imaginary square- 
plane. In addition, the ligands are slightly twisted, so that the two 
pyridine rings of each bipyridine are not exactly co-planar (83) » This 
same distortion is likely to occur in the bis-phenanthroline complex.
The structure of Pd(phen) 2 (ClO^) 2 shown in- Figure 12 does not attempt 
to show the distortion oof the phenan throline groups e

Finally, illustrated in Figure 12 is the proposed structure of 
the fumarcnitrile complex. The fumaronitrile ligand, trans-1,2-dicyano- 

ethylene, can be bound to palladium either perpendicular to the square- 
plane, or in the square-plane containing Pd and phenan thro line. In—  

formally Pd(0) complexes, olefinic ligands are seen to bond" with the two 

carbons in the square-plane, whereas in complexes which contain Pd(II) , 
there is a preference for the olefin to be bound perpendicular to the, , 
square-plane (45, pp. 381-405) . Since palladium has a formal oxidation 
state of zero in Pd(phen) FMN, the fumarcnitrrle is assumed to,:lie in the 

square-plane. Structural studies of several formally zero valent
platinum olefin conp lexes have shown that "the olefin is in the square-

\plane, but is distorted from planarity, the groups bound to the two 
carbons of the double bond being bent away from the metal. Further

more, there is a lengthening of the carbon-carbon multiple bond of the 
olefin upon coordination to the metal (45,’pp. 381-405) . Metal-olefin 

bonding must account for these observations, and a valence bond
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"description has been suggested in which the olefin is considered a 
dianion which forms two a-bonds to platinum, which then must be con

sidered in the +2 oxidation state (45, pp. 381-405) e However, the 
structures of the complexes, in particular the probable strain in the
platinum-carbon three membersd ring and the carbon-carbon bond length,

3seem to preclude sp carbon required by the valence bond description.
Consequently, a rather more complicated molecular orbital theory has
been advanced which can better explain the experimental observations for
these complexes (45, pp. 381-405). The question as to whether Pt has
a zero or +2 oxidation state is left unanswered by the molecular orbital

approach, but it is implied that the actual oxidation state is somewhere
between zero and +2. The actual oxidation state of Pd in Pd(phen) EMN
is probably somewhere between zero, where FMN is bonded as a "classical"
olefin, and +2 where FMN is bonded as a dicarbanion with two metal-

carbon a-bonds. The three-membered ring of the Pd(phen).'EMN complex is
therefore only a  representation of the arrangement of atoms. The

cyanide groups probably retain their transy con figuration, as they do in

an iridium fumaronitrile complex (84) . The infrared spectrum of
-1Pd(phen) FMN shows a single strong C-N stretch at 2175 cm

Nitrogen-14 Nuclear Quadripole Resonance Spectra
14Table XIII ;lists the observed N NQR transition frequencies ,

2the calculated values of the coupling constants, e qO/h, and asymmetry 

parameters, T], for 1,10-p.henan thro line and for thirteen phenan thro line 

complexes with palladium. Six of these complexes contain nitrogen in 
the ligands trans to phenan thro line, and their transitions were also
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14Table XIII. N NQR Parameters for 1, lOHPhenanthroline in Palladium (II) 
.Complexes

Compound V , KHz V_, KHz Vg, KHz e Qq/h, KHz n
Phenanthroline 3984

3854
3148
3096

836
758

4755
4633

0.352
0.327

1. (phen)PdC4H2N2 2497 2170 328 3111 0.211
2. [ (phen)Pd(TT-C3H5) ] C1 2098 1916 * 182 2676 0.136

3. (phen)PdS2C2N2 1969
1878

1803
1754

— 2515
2421

0.132
0.102

4. (phen)Pd (CN) 2 1744 1651 — 2263 0.082

5. (phen)Pdl2 1715
1573

1620
1573 —

2224
2097

0.086
0.000

6. (phen)Pd(SCN) 1585 1585 -- 2113 0.000

7. (phen)Pd(N02) 2 1585 1546 — 2087 0.037

8. (phen)PdBr2 1540 1460 — 2000 0.080

9. (phen)Pd(o-phthalate) 1535 1456 — 1994 0.079

10. (phen)PdCl2 1500 1422 — 1948 0.080

11. (phen)PdC204 1475 1388 — 1909 0.0.91
12. (phen) Pd CNO ) 2 1334

1280
1181 153 1677

?
0.182
?

13. Pd (phen) 2 (C104) 2 1329
1266

1169
1031

160
235

1665 
■ 1531

0.092
0.307

\
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observed. Table XIV shows the observed frequencies and calculated 
parameters for,these trans-ligands.

14 -Table XIV. N NQR Parameters in Palladium(II) Complexes

Compound
Functional

Group V .  KHz. + V_, KHz VQ, KHz 2e Qq/h, KHz 0
(phen)PdC4H2N2 • CN 2942. 2418 524 3573 0.293

2913 2418 - 494 3555 0.278
2497 2169 328 3111 0.211

(phen)Pd(CN)2 CN 2910 2864 — 3849 0.024
(phen)PdS2C2N2 -CN 2749 2749 — 3665 0 . 0 0 0

=N- 2121 ? ?
(phen)Pd(SCN) 2 SCN 2770 — 562 3319 0.340

(phen)Pd(N03> 2 N° 3 548 413 135 641 0.421

(phen)Pd(N02)2 NOr • 2680- :- 580 3190 0.364

The determination of e qQ/h and T) for spin>rone nuclei is partic

ularly simple because the frequencies of only two of the three transitions 

are required to calculate them. In some cases, only the two highest 
frequency transition's and V_ / were observed; however, for nearly- 
half of the nitrogens, was also obtained. This was very useful in

the assignment of transition frequencies in compounds with inequivalent,
nitrogens, because V+ = V_ + v .

The major problem in interpreting NQR data is that quadrupole
2spectra yield only the two measured quantities, e qO/h and 1%
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Interpretation of these quantities in chemical bonding terms must rely 
heavily on approximations and correlation with data from other sources. 
Treatment of the NQR spectra of these complexes (51) involves many 
approximations based on Townes- Dai ley theory (56) . From this simplified 
treatment, the donor-orbital occupancies of the phenan thro line nitrogens 
were estimated. The approach taken here will be to compare changes in 

the NQR parameters of the phenan thro line nitrogens with changes in the 
trans_-ligands in order to deduce how the latter alter the electron 
distribution around the former. The trends will then be compared to the 
ligand a- and m-bending considerations discussed earlier.

Phenanthro.line Nitrogens
Before any bonding trends can be discovered, it must be known, 

at least qualitatively, how changes in the electronic environment around 

nitrogen affect the coupling constant and the asymmetry parameter. The 
Townes -Dai ley theory (56) concludes that the field gradient at the 
nitrogen nucleus, and therefore the quadrupole coupling constant, 
depends entirely on how the 2p-orbitals on nitrogen are occupied:

e20qzz = -e2Qqat(Nx/2 + N/2 -  Nz) [22]

2where e Qq^_ is the quadrupole coupling constant for atomic nitrogen due
to one p-electron, 'and N , N , arid N are the populations of the 2p -,x y z x
2p^-, and 2p^-orbitals of nitrogen (52, p. 182) . Just how these 

orbitals are populated is a function of the bonding of nitrogen, and 

therefore depends on the structure of the compound. In calculating the 

donor-orbital ocCTpancies of Pd(phen) and Pd(phen) Z complexes, the
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nitrogen of free phen an thro line is assumed to be hybridized sp , forming
two bonds to carbon, while the third orbital contains the lone pair.

2The p^.-orbital is perpendicular to the plane of the sp -orbitals. The 
geometry about nitrogen does not change significantly upon coordination 
to palladium, and the lone pair orbital simply becomes the donor- 
orbital (5.1) .

Changes in the electron populations of the orbitals will clearly 
change the guadrupole coupling constant. To know how, the orientation 
of the principal axes of the field-gradient tensor with respect to the 
chemical bonds must be known. The axis system is chosen such that 

|egzz ] 2. I eclxx | 2  I ec*yy 1 9 an<3- z is the direction in which the field 
gradient is largest. For nitrogen, the lone pair generally makes the 
largest contribution to the field gradient. In the Pd(phen) and 
Pd (phen) Z complexes, the direction of the donor-orbital will be taken as 

the z-axis. The results of studies on pyridine and several other 

azabenzenes indicate that the y-axis is in the p^-direction (49, pp.
557, 576-581) , and this is the direction chosen for the palladium 
complexes (51) (see Figure 13) .

Equation [22] indicates how changes in the electron distribution
in the nitrogen orbitals affect the co tip ling constant. Since the donor-

orbital has 2/3 p -character (46, pp. 77-78), an increase in its pcpula-
2tion increases N^, and so e qO/h. The two a-bonds to carbon have more

than twice as much p^-character as p^-charaqter, (46, pp. 77^78) and axi
2increase in the electron density in these orbitals will decrease, e qQ/h. 

The TT-orbital on nitrogen is a pure 2p^-orbital, so that an increase in 

the population of this orbital increases. and decreases e2qQ/h.



2
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Figure 13. The Principal Axis System —  The molecule is in the 
plane. The y-direction is the TT-orbital direction, 
perpendicular to the plane of the molecule.
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The asymmetry parameter is given by T| = (q^x - <3ZZ* Among

the principal values of the field-gradient tensor, is dominated by
the dono:t>-orbital population, by the peculation of the two O-bonds
to carbon, and q ^  by the 2p^~orbital population. In general, only 
changes in the population of the O'- orbitals and 2p^- orb it als that change 
qxx - q ^  will cause a significant change in f|e For the phenanthroline 
nitrogens, changes in the asymmetry parameter reflect changes in the ' 
electron distribution in and out of the plane of the molecule and thus 
changes in O'- and Tf-bending.

It is now possible to interpret how changes in the electron dis

tribution in the Or- and TT-bonds around nitrogen change the NQR parameters 
of the complexes. It should be noted that the assumptions adopted here 
have all been tested before and found to work well, particularly when 
the chemical environment is not much altered from molecule to molecule
(49, p. 562).

Table XIII shows that both the coupling constant and the 
asymmetry parameter of ph enanthro line decrease upon coordination to 
palladium. This is due to partial loss of the lone pair of electrons on 
nitrogen that dominate the field gradient. A further effect is that the 

occupancies of the other three orbitals on nitrogen will increase via an 
inductive effect. An increase in the electron density in the two O- 
orbitals will decrease the coupling constant, while an increase in the 

TT-orbital population will increase and decrease the coup ling constant 

further (equation [22]). The net effect of coordination is a decreasef2in e qQ/h>f..as observed.
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The inductive increase in the tt-orbital population is probably 

greater than in the a-orbital population because the tt-orbital is more 
polarizable (55; 52, p. 148). Therefore, rj decreases on coordination 
because changes by a greater amount than However, palladium-
to-nitrogen donation would also increase the tt-orbital population,.* and 
thereby contribute to the decrease in asymmetry parameter upon coordina
tion (55) . Changes in the asymmetry parameter with changes in the 
ligands trans to phenanthroline seem to indicate that Pd-N TT-bonding is 
occurring in these complexes.

Table XIII shows that phenanthroline and four of its complexes 
yield two sets of transition frequencies due to the phenanthroline 
nitrogens. Although there are no X-ray crystal data available for com
parison for any of these compounds, the two sets of frequencies most 
likely result from two crystallographically nonequivalent phenanthroline 
nitrogens. Pyridine complexes that have nonequivalent sites in 
their crystal structures always show the expected number of lines (55). 

The splittings are relatively small, and only in the case of Pd(phen) 1.̂ 
is the difference large enough to change the ordering of the complexes 
with respect to the size of the coupling constants; An averaged value 
of the coupling constant for Pd(phen) I^, placing it above Pd(phen) (SCN)^/ 
has been adopted here.

Coupling Constants. The value of the coup ling constant is 

largest for the fumaronitrile complex. It was argued earlier (see p. 84) 

that its oxidation state is probably somewhere between zero and +2.

The relatively large coupling constant supports this, because the
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smaller charge on palladium would decrease electron donation from the 
phenanthroline nitrogen's donor-orbitals. In [Pd(phen) (TT-allyl) ]C1, the 
formal oxidation state of palladium is certainly +2, but the bonding of 
the TT-allyl ligand to the metal makes this ligand different from those 
in the rest of the palladium(II) complexes , which perhaps accounts for 
the high coup ling’■ constant. The TT-allyl group uses a p-orbital from 
each carbon to form three molecular orbitals. The bonding molecular 
orbital , contains two electrons, overlapping with an empty orbital on 
palladium to form the Pd-allyl bond. The "bent-away" configuration of 
the plane of the allyl carbons shown in Figure 12 is thought to result 
In maximum overlap for the bonding orbitals (45, p. 432) .. A filled d- 
orbital on palladium pointed directly at the filled bonding orbital on 

the allyl group may cause a repulsion of d-electrons away from the 
allyl ligand and toward the phenan thro line ligand. Phenanthroline will 
be repelled, the donor-orbital occupancy increased, and the coupling 
constant increased. Ligand-metal repulsion may also account for the low 
thermal stability of the [Pd(phen) (TT-allyl) ]C1 complex.

The ordering of the coupling constant values for compounds 3-12 

does not correspond to the usual spectrochemical series order (85, p. 
109) , or to the O-trans-effect order of Langford and Gray (23, p. 27).

The spectrochemical series is based on the ability of the ligand to
\cause metal d-orbital splitting, and therefore is only a rough guide to 

the degree of electron donation to the metal/ which is of interest here. 

For the ligands used here, it is CN > phen > NO^ »  ' » SCN %

Cl > Br > I . The less extensive O-trans-effect series is based on 

calculations of O-overlap integrals between ligand valence p-orbitals
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and a platinum 6pa~orbital. It is SCN > I ^ GN > Br > Cl , 
calculated for a platinum 6p~orbital, but it probably holds for a 

palladium 5p~orbital as well. Decreasing cr-electron donation from 
ligand to metal would cause decreasing phen an thro line nitrogen donor- 
orbital occupancy and decreasing coupling constants. A satisfying fit 
is obtained for the dihalides and thee dicyanide complex, but the 
dithiocyanate is out of place. For the spectrochemical series, the 

coupling constants for Pd(phen) 2 (ClO^) ̂  and Pd (phen) ̂ 2 °  4. are out of 
place, and the halide order is reversed. The spectrochemical series was 
determined using octahedral complexes in which TT-bonding is generally 
less important than in square-planar complexes (46, p. 713) , and the 
a-trans-effect series fails to take TT-bonding into consideration at all. 
Perhaps, then, the disagreement in ordering of these series with the 
ordering of the coupling, constant values may be due to ligand-metal 
TT-bonding.

Two TT-bonding ligands disposed trans to each other in the square 

plane overlap with the same metal orbital. If phenanthroline acts as a 

TT-acceptor, another tt-acceptor trans to it will decrease the electron 
density in its p^-orbital on nitrogen and thereby increase the coupling 

constant. If it does not, the TT-bonding ability of a trans-ligand would 

have little or no effect on the coupling constant. . Several attemptsi,Xhave been made to assess the relative TT-bonding ability of ligands. 

Langford and Gray’s (23, p. 27) TT-trans-effect series, based on'Pt 5(d̂ -

orbital overlap integrals is: CN > NO, > SON > I > Br > Cl .• 2
Basolo and Pearson (6, p. 375) have ordered the combined cr- and TT- 

bonding strength of these ligands CN > I > SCN > NO^ > Br > Cl .
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If Pd-N TT-bonding exists, the total O'- plus TT-bonding ability of the 
trans-ligand determines the magnitude of the coupling constant. The 
combined C- and TT-bonding order is the precise order of decreasing 

coupling constants for complexes 3-12, and this indicates that Pd-N TT- 
bonding does exist and may be relatively important. If Pd-N TT-bonding 
were not appreciable, the coupling constant order should follow the 
a-bonding series order better.

Of the ten complexes, four are not represented in the combined 
(T- plus TT-bonding series. Three of these complexes , the o-phthalate, 
oxalate, and dinitrate involve oxygen-bonded anion ligands whose infra
red spectra (see pp. 80 and 81) indicate a significant amount of ionic 

character. Since the electrons in the Pd-N O-bond will be affected more 
by covalent than ionic interactions between the trans-ligands and 
palladium (51) , ionic trans-ligands should result in smaller coupling 
constants. Also, the three oxygen-bonded anion ligands should have 
little or no TT-bonding to palladium, and this would decrease the 
coupling constants still further. The small coupling constants for 

these complexes are therefore no surprise. The fourth complex with a 
ligand not represented in the series, Pd(phen) S^CNCN, has the highest - 
coupling constant of the .ten compounds. The N-cyanodithiocarbimate 
ligand forms complexes with a variety of metals (57) , but the metal-

sulfur bonding has been scarcely investigated. One study claims that
2-CN forms stronger bonds to nickel (II) than does S^CNCN (86) , but the 

data presented here do not agree in the case of palladium(II) . Note 

that the coupling constant for the N-cyanodithiocarbimate complex is 

larger than that for the similar di thiocyanate complex, The steric
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requirements of the four-membered ring would seem to make the Pd-S Gr
over lap poorer for the former. The larger coupling constant for 
Pd(phen) S^CNCN may be due to better TT-aoceptor ability of the sulfur 
atoms of the N-cyanodithiocazbimate ligand. Another possible explana
tion is in the resonance structures I and II. A larger contribution

\  / \  Zs s

S — C = N
+
.S—  C — N

M Z
I II

from II in the di thiocyanate comp lex would decrease the a-donor ability
of the sulfur atoms of the thiocyanate ligands, reducing the coupling
constant. That structure II is more important for the thiocyanate group

is evident from the lower C-N stretching frequency for the dithiocyanate 
““1 “1complex, 2110 cm , versus 2160 cm for the N-cyanodithiocarbimate 

complex.
The coupling constant for the last compound in Table XIII, 

Pd(phen)2 (CIO^)^/ appears to be out of place. Since phenanthroline is 
thought to be a strong O-bonding ligand to palladium (see p. 72), and 

it occupies a position high in the spectrochemical series (see p. 92) , 
it is surprising to find such an exceptionally lew value for the 
coupling constant. If the two phenanthroline ligands are tilted in 

opposite directions and somewhat twisted due to inter-ligand proton 

repulsions as postulated earlier (see p. 83), however, the chemical 

bends will change orientation with respect to the principal field
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gradient axis system. The direction of the donor-orbital will no
longer be the z-di recti on of the principal axis system. There will be
a mixing of the nitrogen a- and Tf-electrons , and changes in the
populations of the 2p-orbitals will occur. If the tt-orbital population

increases at the expense of the donor-orbital population (which is
likely because the donor-orbital is more heavily populated) , and the y-
direction is not too much different from the tt-direction, N will in-Y
crease, N/ will decrease, and the coupling constant will, be reduced, as 
observed. Whether this distortion is actually occurring and can alone 
account for so small a coupling constant is uncertain. Pd(phen) ̂  (ClO^) ̂  
is different from the rest of the complexes in that phenanthroline has a 
neutral ligand trans to it. In the complexes with anion ligands, the 

negative charges would repel the bonding electrons of phenanthroline and 
thus increase the coupling constant over that for Pd(phen) ̂  (ClO^) ̂ . 
Unfortunately, data are not available to test this, as NQR studies of 
complexes in which a nitrogen donor atom is coordinated directly to a 
metal are scarce.

In summary, the coupling constant data in Table XIII consis

tently vindicate that Pd-N Tf-bonding in these palladium(II) complexes is 
an important part of the interaction between the metal and the 

phenanthroline ligand. Changes in the asymmetry parameter may be able
Vto tell relatively how important m-bonding is , because for the 

phenanthroline nitrogens changes in the asymmetry parameter reflect 

changes in the electron distribution in and out of the plane of the 

molecule (see p. 90) . To be of any value, the conclusions drawn from
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the asymmetry parameter .data should corroborate the TF-bonding arguments 
based on coup ling constants.

Asymmetry Parameters. That the asymmetry parameter of the 

.phenanthroline nitrogen decreases substantially upon coordination to 
palladium has already been noted (see p. 91). This decrease was ascribed 

to an increase in the TT-orbital population relative to the (7-orbital 
population due to 7T-ban ding and/or inductive effects. In descending the 
column of asymmetry parameter values in Table XIII, the values decrease 
further until a value of zero is reached for Pd(phen); (SCN) ̂ . Continuing 
down the column, the values then increase in a steady progression. The 
reason for the discontinuity of the r\ values at Pd (phen) (SCN) ̂  can be
understood by looking at equation [21] again, rj = (q

recalling that is dominated by the (7-orbital population on nitrogen
and q ^  by the TT-orbital population (see p. 90). As the column is 
descended, the TT-orbital population increases relative to the cr-orbital
population until at Pd(phen)'(SCN) 2 , q ^ and n = 0. Below

Pd (phen) (SCN) ̂ , the TT-orbital population continues to increase relative 
to the (7-orbital population, but now the field gradient in the tt- 

direction has become larger. Recalling that the axis system is chosen 
so that |eq^ | j> | eq^^ | , below Pd(phen) (SCN) ̂ there must be a change 

in the axis system: The x- and y-axes change position, the x-axis is

now in the p^-direction. The increase in asymmetry parameter below 
Pd (phen) (SCN) ̂  is therefore consistent with increasing TT-orbital
population.
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Electron donation from the nitrogen donor-orbital results in a 
shift of electrons by induction into both the O'- and TT-orbitals on 
nitrogen. Since the tt-electron system is more polarizablez the tt- 
obbital population increases more than the 0-orbital population 7 and the 
asymmetry parameter changes (see p. 91)- Therefore, the regular change 
of r] from compound number one to compound number twelve in Table XIII 
can be explained by inductive effects resulting from decreased" nitrogen 
donor-orbital occupancy z and TT-bonding need not be invoked. As in the 
case of the coup ling constants z the order of asymmetry parameters z I > 
CN > SCN > NO^ > Br = Cl , fits more closely the combined a- and TT- 
bonding series of Basolo and Pearson than Langford and Gray’s a-trans- 
effect series (see p. 93). The ordering of the asymmetry parameters is 
slightly different from the combined O'- and TT-bonding series. In 
particular, the^order of the- diicdide and dicyanide are reversed, and 

the asymmetry parameter of thre>dichloride equals that of the dibromide. 
However, solid state intemolecular effects are known to make small 

contributions to the asymmetry parameter (87), and this may .account for 

the discrepancy. Of the compounds in Table XIII whose anions are not 
represented in the O’- and TT-bonding series , reasonable guesses as to 
their O- and TT-bonding ability (see pp* 94-95) produce no surprises in

the position of their asymmetry parameters.
\The asymmetry parameter for the bis-phenanthroline complex, 

Pd(phen) ̂  (ClO^) ̂  is somewhat puzzling. The value of 0.307 is more 
believable than 0.092 (51), and it probably belongs below the value for 
Pd(phen) (SCN) ̂  (see p. 97). If so, q must be quite a bit larger than 

q - qxx is the field gradient along the x-axis , and although the
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x-direction no longer corresponds exactly to the 2p^-orbital direction 
when the phen an thro lines are distorted, is probably still dominated

by the TT-orbital population. The postulated increase in the tt-orbital 
population of the distorted phenanthroline (see p. 96) could then 
account for the large value of and the consequent large value of the
asymmetry parameter.

In summary, while the phenanthroline nitrogen-14 NOR parameters 
for the thirteen compounds in Table XIII do not unequivocally prove the 
existence of Pd-N TT-bonding, the best fit of both the coupling constant 
and asymmetry parameter data is obtained when Pd-N TT-bonding is assumed. 
Neglecting all other effects, good TT-bonding ligands trans to 

phenanthroline produce large asymmetry parameters. Since the asymmetry 
parameter should be fairly sensitive to the degree of Pd-N TT-bonding in 
these compounds (49, p. 579) , the size of the change in the asymmetry 

parameter might help to determine the importance of Pd-N TT-bonding. 
Unfortunately there are no other data to compare with at the present 
time.

trans-Ligand Nitrogens
14The , N NQR data for the ligands containing nitrogen other than 

phenanthroline are shown in Table XIV. Ufcilike the "*"̂N NQR data for 
coordinated phenanthroline, there: are similar NQR data in the literature 
with which to compare the NQR parameters of these other, ligands. 
Reasonable structures can be assigned and compared to the structures 

proposed on the basis of infrared data.
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For the two compounds containing a ON group, Pd (phen) FMN and 

Pd (phen) (ON) 2, the coupling constants are typical of a C-bonded terminal 
cyanide group (49, pp. 5 70-576) . "^N coupling constants in the ON group

are remarkably insensitive to the nature of the group to which it is 
bonded (49, p. 570) . In fact, the coupling constant values for the ter
minal nitrogens in PdfphenJS^CNCN and Pd(phen) (SON) ̂  are also typical of 
the ON group, as expected. Differences in the asymmetry parameter values 
for these four ON groups are, however, quite pronounced. The nitrogen 
atom is sp-hybridized in the -CN group. If the z-axis is along the C-N
bond, then the O-bond will consist of overlap of the sp - orbital ofz
nitrogen with the sp^-orbital of carbon. ir-Bonding consists of overlap 
of the 2p̂ - and 2jd̂ -orbitals of nitrogen with the 2p^- and 2p^-orbitals 
of carbon. If the populations of the 2p^- and 2p^-orbitals on nitrogen 

are not the same, an asymmetry parameter proportional to the population 
difference appears. The rather large asymmetry parameters for Pd (phen)- 

FMN and Pd(phen) (SCN) ̂  are probably due to resonance structures III, and 
IV, respectively.

+
^S =  C=N

III IV

The two central carbons of fumaronitrile have crily one ir-orbital each, 
and resonance structure III must result in different 2p^- and

\\V
c + 

„/Xc
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2p^~orbital populations on nitrogen. The large asymmetry parameter of
2the thiocyanate nitrogen results from the sp -hybridizaticn of sulfur.

It forms a "TT-bond to carbon with p-orbitals perpendicular to the plane 
of the page, requiring that the C-N TT-bond be centered on the page.

The small asymmetry parameter for Pd(phen) (CN) ̂  indicates that 
either resonance structure V is not important, or that the cyanide 

ligand accepts
+ —
Pd —  C —  N

V

TT-electron density about equally from d^^- and d^^-orbitals on palladium 
(for the complex lying in the xy plane) . Infrared data indicate that a 
partial Dd=C TT-bond does exist (see p. 79) , so the latter argument is 

favored.
For the N-cyanodithiocarbimate complex, Pd(phen)S2CNCN, the 

asymmetry parameter value of zero for the terminal nitrogen can only
-Lmean that resonance structure II (see p, 95) does not contribute at all 

to the electron distribution in the molecule. This is so because the 
central nitrogen has only one p^-orbital, and therefore resonance 
structure II would result in unequal 2p^-orbital populations on the 
terminal nitrogen giving a nonzero asymmetry parameter. It is satis

fying to note that resonance structure II was earlier determined to be 

relatively unimportant on the basis of infrared and phen an thro line

coupling constant data (see p. 95).
14The N NOR parameters for the nitrate group in Pd (phen) (MO^)^ 

are similar to those observed in several other nitrate complexes.- For
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example, the coupling constant and asymmetry parameter for the nitrate 

+ -group in (Hpy) (NO^) are 685 KHz and 0.405, respectively (55), and in
UOn(NC> ) -6H O are 650 KHz and 0.55 (88) . However, in U0o (NOJ • 6Ho0 

2. J J A 2 3 ‘ 3 2

the nitrate group is coordinated in a bidentate fashion, and in the 
pyridinium salt, the nitrate group appears to be hydrogen bonded to the 

Hpy+ ion (89) . The more nearly mono dentate nitrate group in ZntNO^^py^ 
gives values of 571 KHz and 0.834 for the coupling constant and 
asymmetry parameter (55) . Since the asymmetry parameter is zero in the 

isolated nitrate ion, the departure from zero may be a measure of the 
distortion upon coordination (55) . If so, the asymmetry parameter in 
Pd(phen) (NO^) ̂  seems to indicate that the nitrate group is behaving as a 
bi dentate ligand, perhaps forming a bridged complex. On the other hand, 
the relatively small asymmetry parameter may be due to the partial ionic 

character of the-'Pd-€hhond with a monodentate nitrato group (see p. 94) . 
More data on-nitrato complexes of established structure are necessary 
before NQR can be of much use in determining modes of nitrate coordina
tion.

The NOR parameters for the nitro .group in Pd(phen) (N°2̂  2 are 
interesting in several respects. - First of all, no NOR data for a

nitro group coordinated to a metal appear to have been reported before. 

Secondly, comparisons with nitro groups in other compounds show large 
changes in the coupling constant values with changes in nitro group 

bonding, but nearly constant asymmetry parameter values. For example, - 

in simple ionic nitrites, the coupling cons tant and asymmetry parameter 

are about 5600 KHz and 0.36 (90). In a series of nitrobenzenes , the 

values of the coupling constants and asymmetry parameters range from
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1250 to 1500 KHz and 0.29 to 0.40 (51) . This is in direct contrast to 
the cyano group and to a lesser extent the nitrate group. Changes in 
the nature of the group to which cyanide and nitrate are bonded produce 
significant changes in asymmetry parameter values , but only small 
changes in coupling constant values. The difference, of course, is that 
the nitro group is bound directly through the nitrogen atom, whereas the 
cyanide and nitrate ligands bond through carbon and oxygen, respectively. 
The intervening carbon or oxygen atom shields the nitrogen atom from the 
O-inductive effects of the substrate*, and coupling constants do not 
change much in cyano and nitrato compounds. The fact that asymmetry 
parameters change is further indication that asymmetry parameters are 
primarily sensitive to - ir-bonding changes, because interaction of tt- 
electrons across several atoms' is common. A  final interesting aspect of 
the nitro group NOR parameters- is- the decrease in the coupling constant 
in going from uncoordinated nitrite ion (5600 KHz) to coordinated nitro 
groups (3190 KHz in Pdfphen] and ̂  1400 KHz in nitrobenzene) . The

obvious suggestion is that the lone pair on nitrogen dominates the field 
gradient, and the donor-orbital defines the z-direction. The smaller 

coupling constant for nitrobenzene is then probably due mainly to a 

greater electron donation in the bond to carbon than in the bond to 
palladium.

\
Conclusion

The palladium (II) complexes of 1,10-phenan thro line are square- 

planar complexes constrained to a cisyconfiguration due to the bi- 

dentate nature of phenanthroline. This makes them interesting because
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the similar palladi-urn(II) complexes of the type PdL^X^* containing only 
monodentate ligands, are very much more stable in their trans- 
c on fi gur at ion ' cis-PdL^X^ complexes seem to be favored only when two 

cis_-ligands are strong TT-bonders with weak O-bonds, and other two cis- 

ligands are strong O-bonders with weak or no TT-bonding ability. In 
this manner TT-bonding ligands are trans to ligands that are bound to 
palladium mainly by O-bonds. There fore, by simply knowing what types 
of ligands X, Yz and Z form stable Pd (phen) , Pd(phen) XYf and 
Pd(phen) Z complexes, information can be obtained about the nature, of 
the Pd-N bond.

The thermal stability of the phenan thro line complexes prepared 

here indicate that the Pd (phenjx^, Pd(phen) XY, and Pd (phen) Z complexes 
are most stable when X, Y, and Z are capable of accepting tt-electron 
donation from palladium. Furthermore, TT-bonding ligand anions always 
gave stable complexes at room temperaturewhereas complexes with cr- 
bonding ligand anions could not always be isolated. Therefore, based 

on thermal stability data and trans-ligand a->and TT-bonding considera
tions , the TT-component of the palladium-phenanthroline interaction is

relatively unimportant, and the Pd-N bond is mainly a e-bond.
14An analysis of the phenanthroline N NOR spectra of thirteen 

of the complexes, based on Towne s - Dai 1 ey theory and trans-ligand Gr

and TT-bonding considerations, indicates that Pd-N TT-bonding is occurring 
in these complexes and is an important part of the interaction between 

the metal and the phenanthroline ligand.

There, are two evident possibilities for these dissimilar con

clusions. One, other considerations not being taken into account cause
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the trend in NQR parameters to lead to a bad conelusion„ . In other 
words z the approximations used here to interpret the NOR parameters are 
not sound. But, as has been pointed out (see p. 90) , similar treat
ments give correct trends in accord with more direct chemical evidence
when such evidence is available. And, Indeed, conclusions drawn from 

14the N NQR data of the trahs-ligand.nitrogens are in accord with
infrared and structural data (see pp. 99-103) . Two, there really is no
disagreement, the *^N NQR trends are simply a more direct and sensitive
measure of Cf- and 7T-b on ding effects, While this is certainly the more
attractive possibility, there are no similar "^N NQR data in support,

14At the present time only a few other N NQR studies have been reported 
in which a nitrogen donor atom is directly coordinated to a metal.

\
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