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Abstract: Relative and absolute gas-phase binding energies of 12 organic molecules to Mg* have been determined by four
different methods involving Fourier transform mass spectrometry (FTMS). Mg? is generated in the FTMS cell by pulsed
laser ionization and reacts with the organic compounds to give MgL* either by direct condensation or by a fast two-step
displacement reaction. The equilibrium constant (K,g) and the absolute rate constants (k¢ and k) are obtained for the ligand
exchange reaction: MgLt + L’ = MgL'* + L. The equilibrium constants are converted to free-energy differences and relative
binding energies are calculated to give the D°(Mg*-L) scale. Entropy changes are assumed to be small and they are discussed
in detail. The absolute gas-phase binding energies D°(Mg*-MeOH) and D°(Mg*-Me,CO) are assigned from equilibrium
and photodissociation experiments to be 61 & 5 and 67 # 5 kcal/mol, respectively. The correlation of results from the different
methods give a scale of relative and absolute bond energies to Mg* for the 12 organic molecules examined. The results for
Mg* are compared with previously reported results on H*, CpNi*, Al*, Mn*, and Cu*. These comparisons show for this
limited study on oxygen bases that Mg* is a softer acid than H* and Al*, very similar in acidity to Mn* and Cu*, and a harder

acid than CpNi™*.

Over the past few years, the study of gas-phase organometallic
ion chemistry has experienced a rapid growth. A wide variety
of mass spectrometric techniques has been brought to bear on the
problem, yielding a wealth of fundamental thermochemical, ki-
netic, and mechanistic information.>> 1In particular, the deter-
mination of gas-phase binding energies of organic molecules to
metal cations, which is the enthalpy of reaction 1, has provided

ML* - M*+L AH = D°(M*-L) )

important thermochemical data useful in evaluating the energetics
of catalytic processes and the feasibility of proposed reaction
pathways.

In obtaining metal ion—ligand bond energies, it is desirable to
use a variety of complementary methods as a cross-check of the
results. One of the most powerful tools for determining absolute
metal ion-ligand binding energies is the ion beam instrument
which is used to obtain accurate thresholds for endothermic re-
actions.® Ion cyclotron resonance (ICR) spectroscopy has been
applied extensively to measure relative ligand binding energies
from equilibrium ligand-exchange reactions.”® Limits on these
energies can be obtained from observation of exothermic ion—
molecule reactions. More recently, photodissociation experiments
have shown promise for yielding absolute metal ion-ligand binding
energies.>1°
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In this paper we report the determination of the gas-phase ligand
binding energies to Mg™ for a series of alcohols, aldehydes, ethers,
and ketones. Interest in the gaseous chemistry of magnesium is
derived in part from its role in ionospheric processes.!! In this
regard we have recently completed a study on the thermochemical
properties of MgO* and MgOH™*.!> Moreover, Mg* is of interest
because it provides an additional comparison of the behavior of
a metallic species having no d electrons, such as Al*.”

Four different techniques involving Fourier transform mass
spectrometry (FTMS) have been used in this research: colli-
sion-induced dissociation (CID), photodissociation, and the de-
termination of equilibrium constants by both steady-state and
kinetic methods. The data obtained by steady-state equilibrium
and kinetic measurements are compared quantitatively, and in
turn both are compared qualitatively to the relative bond ordering
obtained by collision-induced dissociation experiments. Finally,
photodissociation experiments can provide absolute bond energies,
D°(Mg*-L), and permit another cross-check of the different
methods. The dependence of D°(Mg*-L) on functional group
is analyzed, as well as the observed substituent effects. The results
of Mg* are compared with results obtained previously for other
cations: H*'* CpNi** Al*,”2 Mn*,”® and Cu*.’

Experimental Section

The theory, instrumentation, and methodology of Fourier transform
mass spectrometry (FTMS) have been discussed elsewhere.!* CID
experiments, as well as equilibrium and absolute rate constant deter-
minations, were performed on a Nicolet FTMS-2000 Fourier transform
mass spectrometer. The instrument is equipped with a differentially
pumped dual analysis cell (source side and analyzer side), which is sit-
uated in the bore of a superconducting magnet maintained at 3 T. The
two 4.8-cm cubic cells share one common side, referred to as the con-
ductance limit, which consists of a solid plate with a 2-mm diameter
orifice. For this study, however, the system was operated as a single cell
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Figure 1. Experimental sequence for the determination of the absolute
rate constant of reaction 3: (a) quench; (b) laser desorb Mg* ions; (c)
reaction of Mg* with L and L’, both present in the cell, to generate
MgL*, MgL’*, and other ions; (d) isolation of MgL* ion, L has been
pumped away; (¢) MgL* reacts with L’ to form MgL"*; (f) excitation
and detection.

instrument with all of the experiments performed in the source cell side.
Mg* was generated by focusing the beam (1064 nm) of a pulsed Quanta
Ray Nd-YAG laser onto a magnesium target which was mounted on the
solids probe tip. The internal optics used to direct the laser beam were
those which come standard with the FTMS-2000.

Chemicals were obtained commercially in high purity and were used
as supplied except for multiple freeze-pump-thaw cycles to remove
noncondensable gases. The samples were admitted to the cell through
a modified inlet system using either a Varian leak valve or a General
Valve Corp. Series 9 pulsed solenoid valve.'$ The pulsed gas profile was
approximately 1 s wide and reached a maximum of ~ 1075 torr at about
400 ms. A Bayard-Alpert ionization gauge was used to measure static
pressures. The gauge was calibrated to ethane by monitoring the rate
of reaction 2 and correlating the result to the reported rate constant, k

C,Hs* + C,Hg — C,Hyt + H, (2)

= 4.0 X 107! % 0.4 cm® molecule™! s1.17 The calculated correction
coefficients for other gases with respect to ethane were then applied to
estimate pressures.'® Argon was used as the collision gas for CID at a
total pressure of about 5 X 107 torr. Details of the CID experiment have
previously been discussed.”® Binary gas mixtures were prepared in the
cell by admitting the gases through two different leak valves. Partial
pressures were determined as the difference between the total pressure
and background for the first reagent and between the new total pressure
and previous total pressure for the second one. A delay of a couple of
minutes was generally required in order to obtain stable pressure read-
ings. The reversed procedure was repeated at the end of each experiment
by closing one leak valve at a time.

Binary gas mixtures of the compounds, L and L’, were used to mea-
sure the equilibrium constant of ligand-exchange reaction 3. Absolute

k
MgL*t + L/ 7——'_* MgL™* + L 3)

rate constant determinations of k; and k, for reaction 3 were performed
by introducing L through a pulsed valve and L’ through a leak valve in
the cell. Mg*, generated by laser desorption, was allowed to react with
both compounds, L and L/, forming primarily MgL* and MgL'*. After
L has been pumped away, MgL* was isolated by double resonance
pulses.”® Next, the time of the reaction of MgL* with L’ was varied
yielding ligand substitution to form MgL'*. The intensities of MgL* and
MgL’* were monitored versus time to give absolute rate constants. A
typical timing sequence and pressure profile for these experiments are
shown in Figure 1.

Formation of MgL* by direct association of Mg* with a ligand L is
highly exothermic and, therefore, must initially result in MgL* being
internally excited. Observation of MgL* formed under bimolecular
conditions, however, indicates that IR radiative relaxation can compete
with unimolecular dissociation of MgL* back to Mg* and L. Collisional
cooling is effective in removing the majority of the remaining internal
energy as evidenced by the single exponential behavior observed in
measuring k; and k, and by the excellent agreement between the mea-
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Table I. Experimental and Calculated Rate Constants? for
Condensation Reaction 4

ligand (L) k(exptl)® k(ADO)* % efficiency?
MeOH 7.0 X 10712 2.03 x 107 0.34
EtOH 1.5 x 1071 2.07 x 10°° 0.72
n-PrOH 1.4 x 1071° 2.07 x 107 6.8
i-PrOH* 1.1 X 10°° 2.13 x 107° 52
n-BuOH 7.0 X 10710 2.17 x 107 32
MeCHO 6.1 x 1071 2.78 X 107 2.2
EtCHO 9.2 x 107 2.67 x 107 34
n-PrCHO 8.5 X 10710 2.82 x 107 30

2Rate constants are expressed in cm® molecule™! s!. ® Experimental
rate constants are obtained at pressures of L in the range 2--5 X 1077
torr. “Calculated according to ADO theory, ref 23, using dipole mo-
ments from ref 24 and polarizabilities from ref 25. 4Efficiency = (k-
(exptl)/k(ADO)) X 100. ¢Rate constant of reaction S.

surement of K, and k¢/k,. However, the presence of a small population
of excited ions cannot be completely ruled out. In the photodissociation
threshold experiments, any excess internal energies present in the ion
could lead to an estimate of the bond energy which is too low.

Photodissocation experiments were performed on a Nicolet prototype
FTMS-1000 Fourier transform mass spectrometer previously described
in detail®® This instrument is equipped with a 5.2-cm cubic trapping
cell situated between the poles of a Varian 15-in. electromagnet main-
tained at 0.9 T. The cell, constructed in our laboratory, utilizes two 80%
transmittance stainless steel screens as the transmitter plates. This ar-
rangement permits irradiation with a 2.5-kW Hg-Xe arc lamp, used in
conjunction with a set of cutoff filters. Mg* was generated by focusing
the beam of a Quanta Ray Nd-YAG pulsed laser (1064 nm) into the
center-drilled hole (1 mm) of a magnesium rod supported on the trans-
mittance screen nearest to the laser.

All samples were admitted to the cell through a General Valve Corp.
Series 9 pulsed solenoid valve,?? which was triggered concurrently with
the laser pulse. The pulsed sample pressure had a rise time of about 200
ms, reached a maximum pressure of approximately 1075 torr, and was
pumped away by a high-speed diffusion pump in about 400 ms. Isolation
of the ion of interest by swept double resonance pulses®® allowed the ion
to be trapped for periods of 10~15 s in either the presence or absence of
light.

Photodissociation was monitored by the appearance of ionic photo-
products as a function of light transmitted by the cutoff filters. Energies
corresponding to 1% transmittance were assigned to each cutoff filter.
Because of laser shot-to-shot variation, appearances of the photoproducts
were monitored and normalized as intensity(photoproduct)/intensity-
(parent). The threshold was bracketed between the lowest energy at
which photodissociation products were observed and the highest energy
at which they were not distinguishable from the blank. Details of pho-
todissociation experiments have been described elsewhere.!?

Results

Each of the organic compounds studied reacts with Mg* to form
MgL* (L = compound) by direct condensation, reaction 4, with

Mg* + L — MgL* (4)

the exception of the branched C,—C, alcohols which generate
MgL* by a two-step sequence, reactions 5 and 6, involving a

Mg* + ROH — Mg(H,0)* + alkene (5)
Mg(H,0)* + ROH — Mg(ROH)* + H,0 6)

Mg(H,0)* intermediate.

With regard to organic ligands of the same class (alcohols,
aldehydes, ethers, or ketones), the rate of disappearance of Mg*
increases with increasing size of the alkyl substituent of the
functional group as expected. For example, the rate constants
for Mg* with MeOH, EtOH, n-PrOH, and n-BuOH by reaction
dare7.0X 10712 1.5 107!, 1.4 X 10719, and 7.0 X 107!? ¢m?
molecule™ s7!, respectively. For comparison, a rate constant of
1.1 X 107° cm?® molecule™ s7! is observed for Mg* reacting with
i-PrOH by reaction 5. The rate constants for the condensation
reaction 4 of aldehydes are 6.1 X 10™1, 9.2 X 101!, and 8.5 X
1071° cm?® molecule™ s7! for MeCHO, EtCHO, and n-PrCHO,
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Figure 2. Variation of ion abundances with increasing kinetic energy
(laboratory frame) from CID of the parent Mg(EtOH)(n-PrOH)*.

respectively. Table I compares these rate constants together with
those obtained from ADO calculations. Rate constants for the
reaction of Mg* with n-PrOH (reaction 4) and i-PrOH (reaction
5) have previously been determined by ICR techniques.?
However, the reported values of 7 X 10719 and 6 X 10719 cm?
molecule™ s7! for n-PrOH and i-PrOH, respectively, disagree
significantly with this study. In addition, the earlier work indicated
no reaction occurs between Mg* and methanol or ethanol. One
possible explanation for this discrepancy is the decreased sensitivity
of ICR compared to FTMS.

A second condensation reaction at a slower rate is usually
observed, reaction 7, leading to Mg(L),* as the final product. A

MgL* + L — Mg(L),* (7

rate constant k = 1.2 X 1071° cm® molecule™ s! has been measured
for L = n-BuOH. A slower rate of condensation of a second ligand
is somewhat surprising in view of the greater number of vibrational
modes afforded by the additional ligand. Steric effects or, more
likely, a reduction in the bond energy of the second ligand may
explain these results.

In the presence of binary mixtures of ligand molecules, L and
L', displacement reactions take place for both the MgL*, reaction

3, and the Mg(L)," species, reactions 8 and 9. A low total
Mg(L),* + L’ = MgLL'* + L 8)
MgLL* + L’ == Mg(L),* + L 9)

pressure (~5.0 X 1077 torr) is generally required in order to
minimize Mg(L),* formation. In this way ligand exchange,
reaction 3, can reach equilibrium before secondary condensation,
reaction 7, becomes important.

Collision-induced dissociation (CID) experiments on MgLL"*
ions were usually performed before equilibrium and kinetic
measurements in order to provide qualitative information on the
relative bond strengths of L and L’ to Mg*.1%?  CID results,
indicating which ligand is more strongly bound to Mg* and al-
lowing an estimate of the magnitude of the difference, are useful
for the choice of experimental conditions for the equilibrium
experiments such as L /L’ relative partial pressures. Moreover,
they provide a cross-check of data obtained by the other methods.
Figure 2 shows the variation of ion abundances with increasing
kinetic energy from the CID of Mg(EtOH)(n-PrOH)*. At low
energies the abundance of Mg(n-PrOH)* is greater and increases
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Figure 3. Variation of ion abundances with time for Mg* with a 3:1
mixture of i-PrOH and »-BuOH, at a total pressure of 5 X 1077 torr.
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Figure 4. Relative abundances of Mg(#-BuOH)* and Mg(i-PrOH)* and
their ratio Mg(#-BuOH)*/Mg(i-PrOH)* as a function of time for the
same reacting system as in Figure 3.

faster than that of Mg(EtOH)*. At higher energies, Mg* also
appears. This behavior suggests that D(Mg*-n-PrOH) > D-
(Mg*-EtOH).

Figure 3 shows the variation of ion abundance with time for
a 3:1 mixture of i-PrOH and n-BuOH. Following initial reaction,
the ratio of Mg(i-PrOH)* and Mg(n-BuOH)* becomes constant
as reaction 10 approaches equilibrium. At longer reaction times,

k
Mg(i-PrOH)* + n-BuOH = Mg(n-BuOH)* + i-PrOH
(10)

the abundance of secondary product ions increases appreciably,
indicating that Mg(i-PrOH)* and Mg(n-BuOH)™ are no longer
at their equilibrium concentrations. Figure 4 shows the relative
variation of only Mg(n-BuOH)* and Mg(i-PrOH)* abundances
and of their ratio Mg(n-BuOH)*/Mg(i-PrOH)* with time in the
same experiment as in Figure 3. The behavior described above
is more evident here and three steps can be distinguished: (a)
initial generation of MgL* from the reaction of Mg* with i-PrOH
and n-BuOH proceeds at different rates for the two molecules
(~200 ms); (b) as Mg decreases, displacement reaction 10 occurs
and approaches equilibrium (~400 ms); (c) the equilibrium is
shifted by secondary condensation reaction 7 (~ 600 ms), which
occurs at different rates for Mg(i-PrOH)* and Mg(n-BuOH)*.
The ratio of ion abundances at equilibrium, together with the
measured partial pressures of i-PrOH and n-BuOH, give an
equilibrium constant of K., = 1.5. The average of three deter-
minations, obtained for three different i-PrOH/n-BuOH partial
pressure ratios, is K, = 1.7 £ 0.2, yielding a free-energy difference
AG xchange = —0.30 & 0.08 kcal /mol, as calculated from the relation
AG =-RTInKat T = 298 K.
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Table II. Relative and Absolute Gas-Phase Ligand Binding Energies
to Mg* for Various Organic Molecules”

p°(Mg*-L)

Ligand (L) Measur ed AGexchange rel.S abs ‘d

MECOEt ==meepemmmm=m=s=——eeccceemmm—me——mme—eee 7.64 638
1.24

L T A Kro—eeomeemeeeememe 6.40 67
1.05 1.20

THF© - - S -mpe- 5.4l 66
0.23

Et,0 s et S -- 5.16 66
0.52 1.61

n-PrCuo B ettt - 4.60 66
0.86 1.45

N-BuOH mmmmmdmmem—e b0 K-- 3.87 65

1.76 0.30

EtCHO ~  --—-- -- e T -- 3.67 65
0.72 0.93

i-PrOH ===m—fememeeefe—eooos B Lt DEETELIR -- 3.59 65

A-PrOH  ----- (------- e REEEE EEEEETEEEE 2.95 64
0.6¢€ 1.17

MeCBO emmm-¥mmmmmmmmemmmme b L 2,28 63
0.52

EtOH  —-men e el L L e 1.77 63
1.77

MeOH ~  mm=m=¥e oo mme e 0.00 61

2 All data are in kcal/mol. ?For the equilibrium reaction 3 in text.
“Values (£0.1 kcal/mol) are relative to D°(Mg*-MeOH) = 0.00
keal/mol. “ Absolute values (%5 kcal/mol) assigned from photodisso-
ciation results; see text. ¢Tetrahydrofuran.

Equilibria for reaction 3 were measured for various pairwise
combinations of organic molecules. AG,ychang. vValues from these
experiments are reported in Table II. Each value is obtained by
averaging the AG  cpange Of at least three trials performed at
different L /L’ partial pressure ratios. Data are combined into
a ladder diagram to give a scale of relative free energies, AGexchanges
for ligand binding. Redundant determinations in the scale provide
a check on the results. Agreement between various pairs is
generally better than 0.2 kcal/mol, and the precision of each
measurement is £0.1 kcal/mol.

The second method used to calculate the equilibrium constants
was the determination of k;/k, for reaction 3. The FTMS se-
quence has already been described in the Experimental Section.
Under the conditions in which the forward reaction was studied,
no reverse reaction could take place because L’ was the only
neutral present in the FTMS cell at this step of the experiment.
The small amount of L, which is released by the reactant ion
MgL*, is negligible and is continuously pumped away. Compet-
itive addition reactions of L’ to MgL* to give MgLL’* did not
interfere with the substitution rate constant calculation. The
partial pressure of the neutral reactant L’ was kept low (~1.0
X 1077 torr) in order to avoid formation of the Mg(L"),* complex.
A trapping delay of 1 s preceding isolation of MgL* permits its
thermalization to occur both by IR radiative decay and by allowing
about 10 collisions with the neutral reactant L’.

Figure 5 shows the variation of ion abundance with time for
the determination of k, in reaction 10. The decay of the reactant
ion Mg(n-BuOH)* is described by pseudo-first-order reaction
kinetics, eq 11 and 12, where n is the number density of i-PrOH.

-d[Mg(n-BuOH)*]/dr = k. [Mg(n-BuOH)*][i-PrOH]  (I1)
In [Mg(n-BuOH)*]o/[Mg(n-BuOH)*] = nk,t  (12)

In Figure 6 the natural logarithm of the ratio [Mg(n-
BuOH)*],/[Mg(n-BuOH)*] is plotted versus time. The linearity
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Figure 8. Variation of Mg(i-PrOH)* and Mg(n-BuOH)* abundances
with time. Mg(n-BuOH)* has been previously isolated and reacts with
i-PrOH after n-BuOH has been pumped away.
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Figure 6. Variation of the natural logarithm of the ratio [Mg(n-
BuOH)*],/[Mg(n-BuOH)*] with time. Data taken from Figure S.

of these results is consistent with thermalization of the reactant
ions. From the slope of the line and the measured partial pressure
of i-PrOH, a value of k, = 6.2 X 107'% cm?® molecule™! s7! is
obtained. The analogous experiment is performed for the forward
reaction in eq 10 by isolation of Mg(i-PrOH)* and observation
of its decay. The absolute rate constant is calculated to be k; =
1.0 X 10 cm?® molecule™! s™). The ratio of the forward and reverse
rate constants gives the equilibrium constant K; = 1.6 and the
free-energy difference AGycpapge = —0.28 keal/mol.

Table III presents the values of forward, k;, and reverse, k,,
absolute rate constants of the same pairwise organic ligands as
in Table II. The k¢/k, ratios and the equilibrium constants are
also compared for the two different methods.

Relative free-energies calculated from these values generally
agree within 10%. The largest differences are observed when
AG sxchange approaches the value of 2.0 kcal /mol. This value was,
in fact, a limit on the feasibility of performing the Kinetic ex-
periments; beyond this energy difference, the reverse reaction was
too slow to give good linearity.

It has been shown that for many transition metal ion-ligand
complexes, ML*, photodissociation thresholds can yield absolute
bond energies, D°(M*-L).!1° This is due to the high density of
low-lying electronic states near the thermodynamic threshold or,
more simply, these metal containing ions absorb over a broad
wavelength region. For Mg?*, it has been shown that photodis-
sociation of MgOH™ to give D°(Mg*-OH) agrees very well with
other techniques.’* This suggests that many of the MgL* species
may absorb broadly and that the photoappearance onsets may
reflect thermodynamic thresholds. However, these values must
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Figure 7. Variation of Mg* ion abundance from photodissociation of
Mg(Me,CO)* (O) and Mg(MeOH)* (+) with energy of cutoff filters.
The solid line is an average of blanks (standard deviation = 0.0010).

Table III. Forward and Reverse Rate Constants for the Equilibrium

k
MgL* + L’ 7—'_' MgL™* + L°

L L ke k, kifk, kg
MeOH EtOH 1.3x16® 87x101 15 22
EtOH MeCHO 12x10° S52x10° 23 24
EtOH n-PrOH 23 x10% 31x10° 74 71
MeCHO n-PrOH 97X 10 37x10 26 3.2
n-PrOH  EtCHO 85x 1071 32x 101 27 34
n-PrOH »-BuOH 13x10®° 27x101° 48 48
n-PrOH  n-PrCHO 51 x10° 19x107° 27 20
i-PrOH n-BuOH 1.0x10° 62x101° 16 1.7
i-PrOH Et,0 1.5x10° 10x101° 15 12
EtCHO n-PrCHO 1.7x10° 54x107° 31 44
n-BuOH THF* 7.7 x 10710 66 x 10" 12 15
n-PrCHO Et,0 7.6x 10710 41x10° 18 25
Et,0 THF* 9.6 x 1019 g1x10° 12 14
Et,0 Me,CO 1.3x10° 20x101° 65 15
THF* Me,CO 14x10° 24x101° 58 58
Me,CO MeCOEt 1.6x 107 22x 10 73 8.1

4Rate constants are expressed in cm?® molecule™ s71. ® From steady-
state measurements. “Tetrahydrofuran.

still strictly be considered as upper limits.

Figure 7 illustrates the photodissociation results for Mg-
(Me,CO)* and Mg(MeOH)* using cutoff filters corresponding
to the range 59-86 kcal/mol. The only ionic photoproduct for
both experiments was Mg* with loss of acetone and methanol,
respectively. A normalized intensity of Mg*/MgL*, where L =
acetone or methanol, was utilized to account for the shot-to-shot
variation of the laser. Perusal of this figure shows photodisso-
ciation for both systems occurring at energies of 67 kcal/mol and
above, while dissociation cannot be distinguished from the blank
at 61 kcal/mol. The average of the blanks was 0.0073 with a
standard deviation of 0.0010. Therefore, from this data, 61 <
D°(Mg*-MeOH), D°(Mg*-Me,CO) < 67 keal/mol is indicated.
Since the equilibrium studies suggest that D°(Mg*-Me,CO) is
greater than D°(Mg*-MeOH) by about 6 kcal/mol, we assign
D°(Mg*-Me,CO) = 67 % 5 kcal/mol and D°(Mg*-MeOH) =
61 % S kecal/mol. Similar photodissociation results were obtained
for Mg(EtOH)* and Mg(i-PrOH)*, which are in the range 6167
kcal/mol. The onset for Mg(MeCOEt)*, however, was observed
between 67 and 69 kcal/mol with no photodissociation observed
using the 67 kcal/mol cutoff filter. This latter result is in excellent
agreement with the equilibrium studies (Table IT) and provides
further confidence in these measurements.

Although the primary focus of this paper is the determination
of single ligand bond energies to Mg*, D°(Mg*-L), one system
was studied to determine the relative binding energies of two
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ligends to Mg™ ions using a procedure described earlier by Staley
and co-workers.” Summing reactions 8 and 9 yields reaction 13,

Mg(L),* + 21" = Mg(L),* + 2L (13)

the displacement reaction of both ligands from Mg(L),* to give
Mg(L),*. The equilibrium constants for reactions 8, 9, and 13
can be determined from the steady-state concentrations of Mg-
(L),*, MgLL"*, and Mg(L"),* and from the ratio of pressures
of L and L’. The results for L = THF and L’ = acetone, again
assuming entropy effects are negligible, indicate that the enthalpy
of the first exchange, reaction 8, of Mg(THF),* to give Mg-
(THF)(Me,CO)* is AH = -0.92 kcal/mol and for the second
exchange, reaction 9, is AH = —0.38 kcal/mol. This yields an
overall two-ligand exchange enthalpy for reaction 13 of AH =
—1.30 kecal/mol. It is noteworthy that the enthalpy of the exchange
reaction of Mg(THF),* to give Mg(THF)(Me,CO)*, AH = —0.92
kcal/mol, is very close to that of Mg(THF)* forming Mg-
(Me,CO)*, AH = —0.99 kcal/mol, as reported in Table II. The
forward and reverse rate constants for equilibrium reaction 8, k;
= 1.4 X 10 and k, = 1.4 X 1071% cm? molecule™! s}, are also
similar to those for equilibrium reaction 3, k; = 1.4 X 10™° and
k, = 2.4 X 10719 cm® molecule™ s7). The smaller relative bond
energy of the second ligand to Mg* suggests a synergistic effect
not well understood at this time.

Discussion

Relative and absolute enthalpies of ligand dissociation, reaction
1, for the organic molecules examined are given in Table II. The
zero of the relative scale is arbitrarily chosen for D°(Mg*-MeOH)
= 0.00 kecal/mol, as it is the weakest bond measured in this study.
The relative enthalpy values are obtained directly from the re-
spective free-energy differences with no correction for entropy
contributions. The absolute enthalpies have been assigned from
both the photodissociation results and the relative enthalpy results.
Using D°(Mg*-MeOH) = 61 % 5 kcal/mol and D°(Mg*-
Me,CO) = 67 + 5 kcal/mol, which are the extremes from the
photodissociation results and correlate to the relative enthalpy
results as described above, absolute enthalpies have been assigned
to the remainder of the MgL* species.

Woodin and Beauchamp® have discussed in detail entropy
changes in the formation of Li* complexes by reactions analogous
to (4). Starting with the equation:

AS = AS, + AS, + AS, + AS, (14)

where AS,, = AS translational, AS, = AS vibrational, AS, = AS
rotational, and AS, = AS electronic, all of the assumptions made
for Li* can also be applied to Mg*. First, AS, is a function of
the new vibrational modes of the complex, and it is assumed that
it only depends on the new Mg*-L bond. Because of the similarity
of these bonds, AS, changes only slightly for different ligands.
Second, since AS, is a function of the degeneracy of the ground
electronic state of the free ligand and of the Mg* complex, the
first is assumed to be in its closed-shell ground electronic state.
This assumption means AS, depends only on the Mg* ground
electronic state which undoubtedly is the same for all of the
complexes. AS,, can be easily determined for all of the MgL*
complexes because it is a function of the absolute temperature
and of the mass of the metal cation Mg*, the free ligand L, and
the complex MgL*. The transiational entropies of the smallest
(MeOH) and of the largest (n-BuOH and Et,0) molecules studied
are calculated to be AS,; = —33.8 and ~34.6 eu, respectively. The
difference, 0.8 eu = 0.24 kcal/mol at 298 K, even if small, is not
always negligible. The rotational entropy, AS,, depends on the
rotational symmetry numbers and on the moments of inertia of
the complex MgL* and of the organic molecule L. Assuming that
the geometry of the complexes examined is the same as the
corresponding free ligands with Mg* placed at the appropriate
distance, there would be no variation in rotational symmetry. To
the contrary, however, it has been evidenced that moments of
inertia can change significantly and strongly effect AS,.?®

(28) Woodin, R. L.; Beauchamp, J. L. J. Am. Chem. Soc. 1978, 100, 501.



3852 J. Am. Chem. Soc., Vol. 110, No. 12, 1988

16
DETH0
15 a
THF
144
13
0
12 1 Me,CO
15
10 A
n-PrCHO
3 92 o
g
S 8-
3
2 74 n-Pr0
- o]
36 ELCHO
*11
S 54 EOH
<
4 ]
MeCHO
34
2 -
1 4
1leOH
0 T T T T T T
0 2 4 6

8D (Mg™-1) (keal/mol)

Figure 8. Comparison of relative binding energies of molecules to H*
and Mg*. The solid line is a least-squares fit to the data.

Therefore, variations of entropy AS, as expressed in eq 14, are
mainly due to changes in the mass of the ligands and to changes
in moments of inertia. Unfortunately, at present accurate cal-
culation of the latter contribution is not possible for MgL* com-
plexes because their geometries are not available.

The validity of the assumption that entropy changes can be
neglected depends on the value of the free-energy difference.
When it is small, |AG xchange] < 0.30 keal/mol, it becomes com-
parable to the entropy changes, which may explain the inversion
of some of the relative ligand bond strengths observed in a com-
parison of CID results and equilibrium constant determinations.
Within a series of ligands of the same functional type, CID of
MgLL"* complexes can provide a direct evaluation of the relative
bond strength of the two ligands to Mg*,?” while the equilibrium
constants for ligand exchange reaction 3 are correlated to the
free-energy difference. The results obtained by these two methods
generally agree except for n-BuOH with respect to EtCHO and
i-PrOH. CID of the complex ions Mg(i-PrOH)(EtCHO)*,
Mg(EtCHO)(n-BuOH)*, and Mg(i-PrOH)(n-BuOH)* suggests
that D°(Mg*-EtCHO) = D°(Mg*-i-PrOH) = D°(Mg*-n-
BuOH). For the three pairwise combinations of ligands, however,
the difference of fragment ion abundances is very small, suggesting
that their bond energies to Mg* are very similar. Contrary to
the ordering indicated by CID, equilibrium experiments indicate
that n-BuOH displaces both EtCHO and i-PrOH with AG exepange
= —0.20 and —0.28 kcal/mol, respectively.

Within each class of compounds, alkyl substitution is seen to
have a systematic effect: alcohol bond energies increase in basi¢ity
in the sequence Me < Et < n-Pr < i-Pr < n-Bu. Similar behavior
has been observed for proton affinity, D°(H*-L),!* and binding
energies to various metal cations,”* and in general can be at-
tributed to the increase in polarizability with the size of the
substituent affording greater “internal solvation”.

Mg* has a [Ne](3s)! electronic configuration. The charge on
Mg attracts ligands by interaction with intrinsic or induced ligand
dipoles. For n-donor bases, some covalent bonding occurs by
delocalization of electrons from occupied ligand orbitals into the
empty 3p or half-filled 3s orbital of Mg*. Repulsion by the (3s)"
electron should limit this delocalization. Mg*-L bonding is,
therefore, expected to have mainly an ionic character.

Comparison of the ligand dissociation enthalpies for Mg* with
available results for other reference acids yields interesting in-
formation on the nature of the metal ligand interaction. Figure
8 shows the comparison of relative binding energies of organic
molecules to H* 13 and Mg*. A least-squares fit for alcohols,
aldehydes, and ketones gives D(H*-L) = 2.316D(Mg*-L) - 0.10
keal /mol (correlation coefficient, » = 0.84). This is a reasonable

Operti et al.

THF
Et,0 0 g
5 -
Me CO
2
= i-ProOH
g4 0
x>
<
L
=
-3
-l
]
*--4 o]
Z EtCHO
< PtOH
=24
N a
s}
MeCHO
1 -
MeOH
0 R T T 1 T T
] H ‘ 6

sD(Mgt-1) (Xcal/mol)

Figure 9. Comparison of relative binding energies of molecules to CpNi*
and Mg*. The solid line is a least-squares fit to the data.

MeCOEt a]

sD(A1H-L) (keal/mol)

0 T T T T T T
1 3 5 7
8D(Mg*-L) (keal/mol)
Figure 10. Comparison of relative binding energies of molecules to Al*
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correlation considering that bonding to the proton is much stronger
and has a greater covalent character than Mg*. The slope of this
line, 2.31, shows that at increasing ligand basicity, the strength
of the bond to H* increases faster than that to Mg*. This supports
the expectation that the charge center in the MgL* complex is
further from the center of the ligand than in HL*.
Comparison of relative binding energies to CpNi* 14 and Mg*
is shown in Figure 9. The data show a good linear correlation.
A least-squares fit is given by 8D(CpNi*-L) = 0.906D(Mg*-L)
- 0.02 kcal/mol (correlation coefficient, r = 0.91). The slope of
this line, 0.90, shows that the substituents have a greater effect
on the basicity with respect to Mg* than with respect to CpNi*.
It is likely that this smaller substituent effect is due to the presence
of a second ligand on the CpNiL* species which, once again,
results in the charge center being further away from the ligand.
The comparison of 8D(AI*-L)" with 6D(Mg*-L) is shown in
Figure 10. A least-squares fit to the data gives dD(AI*-L) =
1.376D(Mg*-L) — 2.24 kcal/mol with a correlation coefficient
of 0.92. The correlation is very good as one might expect, since
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the bonding to Al* and Mg*, which both lack d electrons, should
be similar and have a strong ionic character. The slope of the
line, 1.37, indicates a stronger substituent effect for Al* than Mg*.
It also suggests that the metal-ligand bond length is shorter for
AIL* complexes than for MgL* complexes.

A comparison of ligand binding energies to Mn* 7 and Mg*
is shown in Figure 11. A least-squares fit to the data gives
8D(Mn*-L) = 1.056D(Mg™*) — 0.28 kcal/mol (correlation coef-
ficient, r = 0.97). The slope of the line, 1.05, is very close to 1.00
and indicates that the nature of the interaction of Mn* with these
molecules is very similar to that for Mg*. Also, Mn* has a
configuration, [Ar](3d)*(4s)!, with a half-filled s orbital, and it
is likely that the d electrons are not involved in bonding to oxygen
bases.

Figure 12 shows a plot of relative ligand binding energies to
Cu*,’¢ 6D(Cu*-2L), vs. Mg*, sD(Mg*-L). A least-squares fit
of these data is given by 8D(Cu*—2L) = 1.946D(Mg*~L) — 0.33
kcal/mol with a correlation coefficient of 0.94. Dividing the slope
by 2 to give the relative dissociation enthalpy for each ligand to
Cu*, the slope becomes 0.97. The bonding interaction of Cu*
with organic molecules is also likely to be similar to that of Mg*.
The electronic configuration of Cu* is [Ar](3d)!° and covalent
bonding can occur only by delocalization of electrons into 4s and
4p orbitals, as the 3d orbitals are already filled.

The zero in each of these comparison plots is arbitrarily assigned
to the molecule forming the weakest metal ion-ligand bond.
Therefore, the intercepts have no meaning. The slopes of the
comparison plots of Mg* with the other reference acids vary in
the order H* (2.31), Al* (1.37), Mn* (1.05), Cu* (0.97), and
CpNi* (0.90). The same order has been observed for correlation
plots of these cations with one another.”™ This order is also likely
to reflect the relative metal-ligand bond length. Therefore, the
ligand bond distance of Mg* is probably longer than that of H,
and Al*, similar to that of Mn* and Cu*, and shorter than that
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Figure 12. Comparison of relative binding energies of molecules to Cu*
and Mg*. The solid line is a least-squares fit to the data.

of CpNi*. Finally, it has been previously reported™ that molecules
for each functional group are expected to fall on different lines
and that some of these lines may happen to be approximately the
same. This is also the general finding of this study.

Conclusion

Four independent methods for determining metal-ligand
binding energies have been demonstrated using FTMS: colli-
sion-induced dissociation, photodissociation, and the determination
of equilibrium constants by both steady-state and kinetic methods.
From the combined results, relative and absolute binding energies
for 12 ligands to Mg* have been assigned. The relative binding
energies of Mg* were compared with H*, CpNi*, Al*, Mn*, and
Cu* which yielded, in general, good correlation and provided
insight as to the nature of the Mg*—ligand interaction.
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