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When a bidentate ligand-tL is added to the square planar Ni(tmh@mhd = tetramethylhepanedionate), the
octahedral complex Ni(tmhg) —L is formed. This reaction has been studied by vis spectroscopy in toluene at 25
°C and in the gas phase between 150 and €50t allows the comparison on one hand of the chelate effect of
three ligands forming five-membered chelate rings: (i) the flexibleNNligand tetramethylethylenediamine
(TEME); (ii) the rigid N—N ligand 2,2-bipyridine (BPY); (iii) the flexible N-O ligand dimethylaminomethoxy-
ethane (MAO). On the other hand, it allows the comparison of these ligands with the six-membered chelate
ring-forming N—N ligand 1,3-tetramethylpropylenediamine (TEMP). From the temperature dependence of the
gas-phase stability constants, enthalpies and entropies of the complex-forming reactions have been derived. As
there are no solvation effects in the gas phase, the reaction enthalpies are thdigetdlbond enthalpies. This

is of particular interest for the hemilabile ligand MAO. For the-N ligands, the stability of the metaligand

bonds decreases in the order TEMEBPY > TEMP. The entropy of the complex formation with the two
flexible ligands TEME and MAO is the same, while it is slightly more positive for the rigid BPY and a lot more
positive for TEMP.A¢mG°298 Of the complexes is more negative in the gas phase than in solution because the
solvation energy of the reactants is more negative than the solvation energy of the products. This is shown in
detail for the formation of Ni(tmhdBPY where data of a complete thermodynamic cycle are presented.

1. Introduction compounds to calculatdH® and AS® of some metal complex
formation reactions in the gas phase and of the solvation of all
i e i > reaction partners. This allowed him to establish thermodynamic
first-row transition metals with polyaminesive-membered cycles of some complex formation reactions including an
chelate rings are the most stable oheés. _ analysis of the chelate effect, which clearly showed that the
Two concepts are generally referred to to explain the chelate effect is not only an entropy effect. In recent reviews,
increased stability of chelate complexes as compared topBresiow and Yatsimirsk## have again pointed out that the
complexes with individual ligands: (i) the closeness of the other cnelate effect is more subtle than a simple entropy-based model
ligand atom(s) of the chelate once the first metal ligand bond could explain. Of particular interest is Breslow’s report of the
is formed? (i) the more positive entropy of the formation of  rgle of the chelate effect in biochemical reactions where there

For most chelate complexe particular for complexes of

the chelate compleX. are even examples of a chelate effect based on favorable
The first concept is based on geometrical considerations andenthalpy and unfavorable entropy.
is rather qualitative. While Myers’ data of the stability of gaseous metal complexes

The second concept is based on the fact that more mono-were based on volatile model compounds, we will address the
dentate ligands are liberated than chelating ligands are used inquestion of the chelate effect in the gas phase by investigating
the reaction. Thus, the number of “free” particles increases and some volatile metal complexes. The reactions we investigated
the reaction entropy is positive. The main shortcoming of the are represented in Scheme 1. Unfortunately, complexes with
concept is that it does not consider changes in solvation two individual ligands such as two pyridines or two dimethy-
intimately associated to the reaction and affecting both its lamines are not sufficiently stable for studies at elevated
enthalpy and entrop3#°This shortcoming has been documented temperatures. But 1,2-bis(dimethylamino)ethaneeétrameth-
by Myer$ who used known thermodynamic data of model yletylenediamine= TEME) and 1,3-bis(dimethylamino)propane
(= tetramethylpropylenediamirre TEMP) allow to compare

T University-Peolles. the stabilities of five- and six-membered chelate rings of two
ggniversity 0; 'Cleélcﬁﬂel- flexible ligands while 2,2bipyridine (= BPY) makes a rather
niversity of Lodz. i Fiva ; ; ;
(1) Schwarzenbach, Giely. Chim. Actal952 35, 2344, rigid f|V(_e membgred_ ch_elate ring. D|methylammom_ethoxyethane
(2) Hancock, R. DJ. Chem. Educl992 69, 615. (MAO) is a hemilabile ligand.Complexes of such ligands play
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Chelate Effect in the Gas Phase

Scheme 1
e‘Nk L L D
Nitmhd), + L-L = Ni(tmhd),(L-L)

tmhd: 2,2,6,6-tetramethyl-3,5-heptanedionate,
L-L: BPY =2,2"bipyridine; TEME = tetramethyletylenediamine;

TEMP = tetramethylpropylenediamine; MAO = 1-dimethylamino-2-methoxy-ethane.

group guarantees the stability of the complex, the weekly bond
ether group is easily replaced allowing catalytic activity. The
stability difference of the gaseous complexes Ni(tmhEME

and Ni(tmhd}MAO gives direct access to the NN and Ni-O
bond enthalpies.

2. Experimental Section

2.1. ChemicalsTmhd (Fluka, purum) and BPY (Fluka, puriss.) were
used as received. TEME and TEMP were distilled from solid KOH
before use.

MAO was synthesized by reacting 1-chloro-2-(dimethylamino)ethane
with sodium methanolat®.Purification of the product for a satisfactory
elemental analysis was not successful, but the analysis of the sublime
complex Ni(tmhd)MAO proved it to be pure.

Syntheses of the complexes were analogous to the syntheses of Co-

(tmhd), and Co(tmhdppy described beforg.

2.2. Thermal Analysis.DSC and TG were performed on a Mettler
TA 3000 thermal analyzer. Enthalpies of fusion were determined by
DSC. Modified entrainmeft*® was used to determine the vapor
pressures and the decomposition pressures of the complexes.

2.3. Vis SpectroscopySpectra in solution (mostly toluene) were
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Figure 1. Spectra of Ni(tmhd)g) and Ni(tmhd)TEME(g).

€MNitmhd),TEME] << €Nigmhd) [Ni(tmhd), TEME] contributes little toAq:
and it is not important to knoweimna),Teme; precisely to calculate
[Nl(tmhd)z] from At K, €[Ni(tmhd)y] s and €[Ni(tmhd), TEME] Were fitted to
reproduce the measured spectra (at 14 wavelengths, 48Dnm) with
minimal error!® At every temperature, & 14 = 112 data points were
available for the fit. Besides the equilibrium constinthe calculation
yields the individual spectra of the two compounds Ni(tmted)d Ni-
(tmhdyTEME in close agreement with the experiments mentioned
above (Figure 1).

For Ni(tmhd}MAO, no measurements with excess ofL could
be performed due to lack of pure MAO.

The variation ofe with temperature was assumed to be negligible

dwhile the temperature dependenceofvas used to calculat®H® and

AS’ of the complex formation (van't Hoff plot).
2.4, Magnetic MeasurementsSusceptibility measurements were
performed with a modified Gouy balance by Sherwood Scientific Ltd.,
Cambridge GB. Ni(tmhd)is diamagneticer = O ug), and N(tmhd)L—L
is paramagnetic corresponding to an octahedral high spaowfigu-
ration (et = 2.9—3.0 ug).

2.5. X-ray Data Collection and Structure Solution. Pale blue
blocklike crystals of Ni(tmhd)TEME (ca. 0.40x 0.40 x 0.40 mm),

measured with a Perkin-Elmer Lambda 2 spectrophotometer and Ni(tmhdLTEMP (ca. 0.35x 0.25 x 0.20 mm), and Ni(tmhdMAO

evaluated as described in ref 14.

At elevated temperature (15350 °C), vis spectra were recorded
and evaluated as described in ref 15.

The experimental procedure is exemplified by the system Ni(tghhd)
TEME.

The spectra of eight evacuated ampules (10 cm optical path length) (résolutionDin —

containing different amounts of Ni(tmhdand TEME were measured

in 10 K steps from 250 to 318C. The ratio Ni(tmhdy TEME varied
from 0.2 to 2. [Ni(tmhd)]c: varied from 0.3 to 1.1 M. For all samples
atT > 250°C, the entire contents of the ampule were in the gas phase.
Composition and absorbance of the gas phase are described by eqs
and 2.

_ [Ni(tmhd),TEME]
~ [Ni(tmhd),][TEME]

@)

Aot = €pnigtmha), [NItMNA),] + €pyiimna),revgg[Ni(tmhd), TEME] @

€Nimhd) 1S known from the spectrum of pure Ni(tmh)), and
€Ni(mhd),TEME] IS KNnown at least approximately from the spectrum of an
ampule containing some Ni(tmhdand 10 times more TEME. As

(10) Grail G. F.; Tenenbaum, L. E.; Tolstoonhov, A. V.; Duca, C. J.;
Reihard, J. F.; Anderson, F. E.; Scudi, J.VAm. Chem. S0d952
72, 1313.

(11) Chassot, P.; Emmenegger, F.fforg. Chem.1996 35, 5931.

(12) Emmenegger, F. P.; Piccand El.Anorg Allg. Chem1993 619, 17.

(13) Emmenegger, F. P.; Piccand 8.Therm. Anal. Cal1999 57, 235.

(14) Emmenegger, F. P.; Piccand, M.; Piekarski, H.; Mokrzah Chem.
Soc., Dalton Trans1997, 785.

(15) Daul, C.; Emmenegger, F. P.; Mlinar, M.; Piccand,INbrg. Chem
1993 32, 2992.

(ca. 0.50x 0.40 x 0.30 mm) were mounted on a Stoe imaging plate
diffractometer systef equipped with a one-circle goniometer and
a graphite monochromator. Data collections were performed at 223 K
using Mo Ka radiation ¢ = 0.710 73 A). Two hundred exposures (3
min per exposure) were obtained at an image plate distance of 70 mm
Dmax 14.23-0.87 A) with 0 < ¢ < 20¢° and the
crystal oscillating through©lin ¢. The structures were solved by direct
methods using the program SHELXS!9@nd refined by full-matrix
least-squares methods BAwith SHELXL-977 The hydrogen atoms
were included in calculated positions and treated as riding atoms using
$HELXL-97 default parameters. Crystallographic data for Ni-
(tmhdyTEME, Ni(tmhd}»TEMP, and Ni(tmhd)MAO are summarized
in Table 1. In all three compounds, ttext-butyl groups either undergo
considerable thermal motion or were disordered, and two alternative
positions were found for the methyl groups. In some cases, it was
necessary to restrain the—CHs; bonds to be 1.54(1) A. In Ni-
(tmhd,TEMP, the proplylenediamine ligand is disordered. Further
details are given in the crystallographic CIF files (Supporting Informa-
tion). The perspective view of Ni(tmhel)lEME (Figure 5) was drawn
using the program PLATORE

2.6. Errors and Uncertainties. For most thermodynamic values
there are not enough independent measurements to compute valid
random errors. Determinate errors of individual measurements are
difficult to estimate. Nevertheless, some indication about probable limits
of error of our results shall be given.

Equilibrium constants of gas-phase reactions are estimated to have
an error of less than a factor of 3, yielding an uncertainty-@t5 kJ

(16) Sheldrick, G. MActa Cryst 1990 A46, 467—473.

(17) Sheldrick, G. MSHELXL-97, Program for crystal structure refine-
ment University of Gdtingen, Germany, 1997.

(18) Spek, A. L. PLATON/PLUTON, version Jan. 199%:ta Crystallogr
1990 A46, C34.
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Table 1. Crystallographic Data for Ni(tmhd)EME,
Ni(tmhd),TEMP, and Ni(tmhdyMAO

Ni(tmhd),TEME  Ni(tmhdyTEMP  Ni(tmhd)MAO

chem formula QsH54N2NiO4 C29H56N2Ni04 C27H51NNi05

formula wt 541.4 555.5 528.4

space group  P2i/n P2;/n P2:/c

a, A 10.016(1 10.097(1 13.626(1

b, 18.927(1 19.001(2 12.079(1

c, A 17.194(2 17.251(1 19.440(2

B,° 92.96(1) 91.38(1 103.96(1

V, A3 3255.1(4) 3308.8(4) 3105.0(5)

VA 4 4

A, A 0.71073 0.71073

Pealed, g CMTS 1,105 1.115 1.130

,cm b 6.26 11.15 6.56

aR(Fo), 0.0482 0.0460 0.0433
obsd data

PWR2(Fo?), 0.1430 0.1161 0.1295
all data

*R= 3 [Fol — [Fell/Z|Fol. *WR2 = (F[W(Fe? — FA/ 3 [W(Fo)]) 2

mol~! for AG°ssox and of £1.5 J mot? for AG°zek. AH values from
calorimetric measurements are estimated to be uncertair38y, but

the uncertainty ofAH® from van’t Hoff plots is certainly larger; we
assume it to bet6%. AS’ from van't Hoff plots has an estimated
uncertainty of+20%. Solubilities are at least accurate within a factor
of 2 yielding an uncertainty of:1 kJ moi? for the AG® of the
dissolution reaction. The accuracy of the stability constants in solution
is discussed in 3.1.

3. Results
3.1. Stability of Ni(tmhd),L —L in Solution. Addition of a

bidentate ligand to the low-spin diamagnetic square-planar Ni-

Emmenegger et al.

Table 2. Stability of Ni(tmhd}L—L in Toluene

A? log Ka L-L  log K- log(Ka x Ki-) =logKy
? ‘;'8% B) b 0.53 8.5

dope 4567 b 3.02 76

dppe 4.56 TEME 4.85 9.4

dmoe 2.0 TEME 6.7 8.7

bpy 8.0 TEME 2.9 10.9

bpy 8.0 MAO -1 7.0

bpy 8.0 TEMP 0.3 7.7

dmoe 2 TEMP 4.8 6.8

adppe= 1,2-bis-(diphenylphosphino)-ethane. dmed.,2-dimethox-
ethane.

Table 3. Thermochemical Data of the Complexes Ni(tmd)L2

AmeItHo Aeva;Ho Aeva{S
mp{C) (kJmolf?) (kJmolY) (JImoliK1

compd

Ni(tmhd 228 39 110 ESUbI; 160 Esublg
Ni(tmhd),BPY 243 38 131 (subl 183 (subl
Ni(tmhd)BPY 92 105

Ni(tmhd,TEME 163 21 89 121
Ni(tmhd,TEMP 166 22 122 198
Ni(tmhd),MAO 116 29 64 76

TEME 37 69

BPY see Table 5

a Standard state: mol 1.

cells where known amounts of Ni(tmhdand L—L are
completely evaporated. The evaluation

(6)

of such measurements by principal component analysis is

Ni(tmhd),(g) + L—L(g) == Ni(tmhd),L—L(g)

(tmhd), produces a paramagnetic octahedral complex and thusdescribed in ref 15 (see the Experimental Section). Table 4 lists
reduces the absorbance in the visible. The stability of the the thermodynamic parameters for equilibrium (5) -afaf
complexes can therefore be determined by vis spectroscopy.comparisor-AsG°agg 0f the complexes in toluene. Figure 2
The spectra in solution are very similar to those in the gas phase,shows the van't Hoff plots of equilibrium (5) for the various

Figure 1.

In solution, the stability constank§, of the complexes formed
according to Scheme 1 are so large that addition ef._Lto
Ni(tmhd), produces almost 100% of Ni(tmhil-L and the

ligands used in the study.

The gas-phase equilibrium (5) obviously also holds if one of
the reaction partners is also present as a solid or liquid.
Therefore, vapor pressures calculated from data of Table 3 (from

denominator in the mass action law approaches zero. Thereforemodified entrainment) and the equilibrium constants calculated

the formation constant of Ni(tmhgl)—L cannot be determined
by recording spectrophotometrically the titration of a solution
of Ni(tmhd), with L—L. The problem could be partially solved

from the data of Table 4 allow the computation of the relative
concentrations of Ni(tmhdjg) and Ni(tmhd)L—L(g) in equi-
librium with liquid (or solid) Ni(tmhd}L—L as shown by the

by using a stepwise procedure. In a first step, the smaller (andequilibria (6).
therefore spectrophotometrically measurable) stability constants

of Ni(tmhd)A, reaction 3, were determined (A& 1,2-bis-

(diphenylphosphino)ethane or 1,2-dimethoxethane or two py-

ridines). Then the substitution equilibria of A by-L were
measured, reaction 4. The prod#gt x K, — equals the stability
constantK; according to Scheme 1.

Ni(tmhd), + A — Ni(tmhd),A 3)

K, _
Ni(tmhd),A + L—L — Ni(tmhd),L —L + A (4)

Even so, only the order of magnitude (estimated uncer-
tainty: logK; + 1) and the relative stability of the complexes
could be established (Table 2).

3.2. Stability of Ni(tmhd),L—L in the Gas Phase. 3.2.1.
Vapor Pressure MeasurementsEvaporation measurements on
a thermobalance showed that all the complexes (Ni(tphhRel)

Ni(tmhd),L —L(1) == Ni(tmhd),L —L(g) = Ni(tmhd),(g) +
L—L(g) (6)

Considering the experimental conditions in our optical cells,
the congruently evaporating Ni(tmh&PY yields an equilib-
rium mixture of around 50% of Ni(tmhelg) and 50% of Ni-
(tmhd:BPY(g). At 570 Nnmimhdy,) = 63+ 1 M~tcmtand
€Ni@mhdpepy] = 2 = 0.5 M~ cm™%; i.e., the absorbance of the
gas is essentially due to Ni(tmhdsee Figure 1, spectra of the
similar pair of complexes Ni(tmhg)and Ni(tmhd)TEME).
Figure 3 shows that the computed absorbance at 570 nm fits
the experimental points well. The same is true for the other
complexes Ni(tmhg).—L.

Another test of the data consists of plotting In AT f(1/T)
while heating Ni(tmhd)L—L. Ni(tmhd),TEME is used as an
example. Two straight lines are obtained (Figure 4). Below 265
°C, [Ni(tmhd)] is due to equilibria (6) while the absorbance

evaporate congruently; i.e., they pass into the vapor phase as @bove 265°C is governed by [Ni(tmhd)](g) in equilibrium
whole. The vapor pressure could therefore be measured by(5). Part A of the graph can indeed be exactly reproduced by

“modified entrainment!® (Table 3).
3.2.2. Gas-Phase Equilibria.The equilibrium constant of

combining the data of the “modified entrainment” vapor pressure
measurements (Table 3) with the data for equilibrium (5) (Table

reaction 5 can be determined by measuring the absorbance ofl), while section B corresponds to the Ni(tmp@yuilibrium
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Table 4. Thermodynamic Data of the Gas-Phase Reaction 5 and the Corresponding Reaction inToluene

AH® (550 K) AS® (550 K) AfG® (550 K) AG® (298 K) AG® (298 K)
L-L (kJ mol%) (g) (I molrt K1) (g) (kJ molY) (g) (kJ mol) caled (g) (kJ mol-t)y measured (d)
BPY —110 —133 —-37 —70 —46+ 6
TEME —136 —169 —43 —85 —55+6
TEMP —58 —66 —22 —38 —42+6
MAO —114 —167 —22 —64 —40+ 6
2py —45+1

a Standard state: molL. ° Error limits for AG° (298K) in toluene see Table 2.

5.5 NiEha)J@) + L~ L(@) —> Table 5. Data for Thermodynamic Cycle of Schemg 2
. AS
[Ni(tmhd),(L - Ll(9) AH®  (kJmoF! AG° 298 K
4.5 1 TEME no. reaction (kImolY K1)  (kJmol?)
@ 1 association in the gas phase —110 —133 —70
s 2 association in solution —65° —64 —46
v 3.5 3 dissolution of Ni(tmhd)(s) 3Z 86 6
I BPY 4 sublimation of Ni(tmhd) 110 160 62
S MAO 5 dissolution of BPY(s) 19 72 -2
6 sublimation of BPY 73 128 37
2.5 4 7 dissolution of Ni(tmhd)BPY 2% 50 7
TEMP 8 sublimation of Ni(tmhd)BPY 131 183 76
1zl 20 72 2
15 T T aStandard state: 1 mol. ? Enthalpometric titration, see ref 11.
1.7E-3 1.8E-3 1.9E-3 1K ¢ Calorimetry, see ref 1 Converted to standard state 1 bar: 78 kJ
Figure 2. Van't Hoff plot for reactions 5. mol~! (ref 20: 81.8+ 2.3 kJ mot?).
A Table 6. Bond Distances (pm) and Angles in Ni(tmhid)-L?2
—— computed
0.4 m  experimental TEME TEMP MAO
Ni—O1 201.75 200.5 200.68
Ni—0O, 200.10 202.0 199.68
03 Ni—0O3 199.38 201.6 199.55
~1 Ni—O4 202.07 201.3 200.09
Ni—Ny 216.3 220.1 215.2
Ni—N; 216.6 220.9 (0) 216.39
0.2 O:1NiO2 89.10 89.31 89.39
O3NiO4 89.42 89.61 90.98
MP O,NiO3 93.48 87.38 94.38
01 N1NiN3(0) 83.46 93.39 (0) 81.05
M aFor atom numbers, see Figure 5.
0 4. Discussion

200 220 240 260 280 300 °C

Figure 3. As7o when Ni(tmhd)BPY is heated. Points: experimental. Vapor pressure data of the investigated complexes may be

Line: calculated from data of Tables-3. of some interest to resgarch using such.complexes as source
materials for the chemical vapor deposition (CVD) of nickel
5 compoundg? but we will not discuss this aspect of our work.
The structures of the four complexes we have investigated
47 B are very similar; an ORTEP plot of Ni(tmhd)EME is shown
3 in Figure 5 as a representative example. Further details are
|3 available in the Supporting Information.
j 2- For Ni(tmhd}BPY, the data of the complete thermodynamic
5 A cycle, Scheme 2, are presented in Table 5.
L The sum of the individual contributions of the cycle should
ol obviously be zero. This is almost so for the free energlas;®
= 2 kJ mof1, while for the enthalpies an uncertainty of 7%
- —— for the individual contribution has to be admitteé\H° = 20
1.6E-3 1.9E-3 22E-3 1K kJ mol L. Entropies from van'tHoff plots are notoriously less
Figure 4. Figure 4. Van't Hoff plot for the equilibria (6): Ni- precise than enthalpies. In the cycBAS =72 J moi® K1,
(tmhd)TEME(1) == Ni(tmhd)TEME(g) == Ni(tmhd)(g) + TEME- leading to an uncertainty of 21% for the individual contribution.
(9). A: gas phase in equilibrium with Ni(tmhd@EME(l). B: gas phase For the Co(tmhdBPY, the data corresponding to Scheme 2

only. have been publishéd.The enthalpy of reaction 1 of Scheme

. _ 2,—110 kJ mof?, corresponding to the NiBPY bond energy,
pressure (Table 4) after complete evaporation of the Ni- s significantly more negative than the corresponding-88'Y
(tmhd,TEME sample. bond energy;—98 kJ mof?, in agreement with the generally

/3.3. Structure of the Complexes.Metal—ligand bond  opserved stability trend of the first-row transition-metal com-
distances and angles are listed in Table 6. It shows that thepjexes (Irving-Williams rule?).

Ni—O distance of the Nitmhd unit is independent of the ligand

L—L. The geometries of Ni(tmhdJEME and Ni(tmhd)MAO (19) Wang, A.; Belot, O. A.; Marks, T. J. Mater. Res1999 14, 1132.
are almost the same, while in Ni(tmh@EMP the NiN (20) Ribeiro de Silva, M. A. V.; Morais, V. M. F.; Matos, M. A. R.; Rio,
distance and the NNi—N angle are larger and the largerL C. M. A. J. Org. Chem1995 60, 5291.

. . (21) Irving, H.; Williams, R. J. PJ. Chem. Sac1953 3192.
ligand pushes the tmhd ligands closer to each other as shown3) sioe & Cie. IPDS Software; Stoe & Cie GmbH: Darmstadt, Germany,

by the smaller GNiO3 angle. 2000.
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mol~! for the Ni—O bond in Ni(tmhd)MAO. It should be
mentioned that the weaker NO bond, as compared to the
Ni—N bond, is not due to a longer NO distance; the NiO
bond has the same length as the-Ni bond (Table 6). The
large difference (22 kJ mot) between the bond energies of
Ni—N and Ni~O is responsible for the hemilabileharacter
of MAO. To our knowledge, this is the first experiment that
gives direct quantitative information about the hemilabile
character of a ligand.

As one might have expected, the entropy of the complex
formation with the flexible ligands TEME and MAO is more
negative than with the more rigid ligand BPY.

In the gas phase, at 550 K, as well as in toluene the two
complexes Ni(tmhd' EMP and Ni(tmhdMAO have the same
stability, i.e., the smaller chelate effect of the six-membered
chelate ring of TEMP has the same effect on the stability as
the switch from an amine ligand in Ni(tmhd@EME to an ether
ligand in Ni(tmhd}MAO.

For the complexes with only nitrogen donefSEME, BPY,
and TEMP-the stability sequence in the gas phase and in
Scheme 2 solution is the same but due to solvation the differences are
attenuated in solution.

A thermodynamic analysis of the stability difference of
dissolved complexes with ethylenediamine and propylenedi-

Figure 5. Perspective vie of Ni(tmhd),TEME; thermal ellipsoids
at 30% probability level.

Thermodynamic cycle

Ni(tmhd),(g) + BPY(g) e Ni(tmhd),BPY(g) amine by Hancockhas shown that the greater stability of the
1 T five-membered chelate ring as compared to the six-membered
4 6 ] 8 ring is mostly due to the more negative enthalpy of complex

formation with the former. From Myer&data, the enthalpy of
the exchange of etylenediamine (en) by propylenediamine (pn)
j 3 i 5 l 7 in the gas phase, reaction 7, can be calculateH?7) = 17.1

kJ mol,

Ni(tmhd)(s) + BPY(s) — Ni(tmhd),BPY(s)

2
Ni(tmhd)»(d) + BPY(d) —  Ni(tmhd),BPY(d)

The enthalpy of solvation of Ni(tmhgBPY (—109 kJ mot?) [M(en)2]2+(g) +2pn(g)= [M(pn)2]2+(g) + 2en(g); M=

equals the enthalpy of the complex formatien(L0 kJ mot?) cdt, cht (7)
illustrating the importance of solvation in metal complex

formation. Nevertheless, solvation energies are, in general, not We observe a much larger enthalpy for the exchange of one
considered when complex stabilities are discusbedause the ~ TEME by one TEMP on Ni(tmhd).—L (78 kJ mol'%, Table
corresponding data are scarce. 4).

Extrapolation ofA:G® in the gas phase from 550 to 298 K X-ray structure determinations of the solids indicate that
(neglecting the temperature dependenceAdi® and AS’) TEMP in Ni(tmhd}TEMP is fluxional with a slightly longer
indicates that the complexes are more stable in the gas phaséi—N-distance than in Ni(tmhdJEME (Table 6). This again
than in solution (except for Ni(tmhgd)EMP whereAsomG°29s explains why the Ni-N bond energy is considerably smaller in
(9) ~ AtormG°20s (d), Table 4). This implies that the solvation  Ni(tmhd),TEMP than in Ni(tmhdyTEME and why the entropy
energy of the reactants is larger (more negative) than the oneof the complex formation of Ni(tmhdJEMP is less negative
of the products. For the formation of Ni(tmh&PY where than for the other EL ligands.
solvation energy data are available, it appears that it is mostly
the solvation energy of BPY that stabilizes the reactants in favor
of the products. It might be assumed that the situation is similar
for the other L ligands of this study.

The flexible ligands TEME and MAO form five-membered
chelate rings. In agreement with the concept of Rosseifisky,  Supporting Information Available: Tables of crystal data, struc-
their entropy of formation is the same, but the TEME complex ture refinement, atomic positional parameters, anisotropic thermal
is more stable than the MAO complex because the bond energyParameters, hydrogen atoms positions, full bond distances and angles,
Ni—N is larger than the bond energy-ND. The Ni~N distance ~ @nd torsion angles for Ni(tmhg)EME, Ni(tmhd)TEMP, and Ni-
is very similar in Nl(tmhdiTEME andin Nl(tmhdaMAO (Table (tmhdpMAO. This material is available free of charge via the Internet
6), and it is therefore justified to assume the sameMNibond at hitp://pubs.acs.org
energy in both complexes-68 kJ mof?). This yields—46 kJ 1C0014540
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