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The observation that alkylation of amine ligands can lead to enhanced coordination to silver(l) is investigated
through the determination of structures and incremental binding enthalpies fL)jgonic clusters (with

L = NHs3; NH,Me, NHMe,, NMes;, H,O, MeOH, and MgO for n = 1-2), using density-functional and
CCSD(T) electronic structure methods. For the nonalkylated complexeé@ds@), Ag™(NHz), Ag™(H.0),,

and Ag"(NHs),, the calculated binding enthalpies agreed well with experimental values for all but Ag
(NHs),, while good agreement between the binding entropies was achieved for all b{f&). As a function

of the degree of alkylation, the calculated binding enthalpies initially increase but then decrease. The results
are interpreted in terms of the bonding models of Meyerstein and of Deng et al. as arising from increased
ligand o-donating ability and reduced ion-ligand electrostatic interactions. It is clear that gas-phase effects
are insufficient to explain the sometimes observed increased binding energies of tertiary macrocyclic amines

compared to secondary ones.

I. Introduction this to be correct for complexes in solution is that it must also
apply for these complexes in tlgas phase

Results from semiempirical molecular orbital calculatfdh$
indicate that, in general, ligangtdonation ability is the most
important effect operative for gas-phase complexes. Experi-
mental evidence supporting this comes from studies of the

Many industrial and other applications exist for ligands which
selectively bind particular ions in solutidrzor certain silver(l)-
amine complexes, conversion of nitrogen atoms from secondary
amines to tertiary amines has been shown to lead to either little

change or even an increase in the stability of the complex in .~ . . . .
g y P binding enthalpies for the complexation of nickel(l) with a

solution?* This is unusual as tertiary amines are generally . X

weaker ligands than secondary ones, and this property can’arnety lofbllggnds by d KKart))p??séTz;nd Stﬁé)at?]d tftcl)1r thattholf
potentially be exploited to design ligands with increased ggggﬁ:ér)e a)ée gg%hin doni)raatom?sseaﬁ(ycl)ge daan de ?c?r a? llcc)ayast
selectivity for silver(l) over a number of other industrially Ni(1). that this process is independent of the type of donor group

important metal ion8.To do so rationally, we would like to ; f alkvlati H | . tal dat
know howN-alkylation of amine ligands modifies the properties or type ot alkylalion. HOwWever, anaogous experimental data
for the complexation of silver(l) with amine ligands are not

of their metal complexes. However, a variety of often opposing ilabl h dat v bei ted for the additi f
effects are implicated and many of these have been discussedva"anie, 1szuc dala only being reported for the addition o
ammonia®1?In this work, we calculate the effect of alkylation

by Meyersteirf Moreover, other effects have also been dis- X . ) .
cussed in this contek® and it is clear that a comprehensive on the strength of gas-phase silver(l)-ligand bonds using high-
level quantum-mechanical methods.

model for the effects of alkylation of oxygen and nitrogen donors
4 v d Highly correlated ab initio methods such as Coupled-cluster

on the ability of the ligand to bind to a metal ion is yet to be . - . )
y g y singles and doubles theory with perturbative corrections for

established. . I . X
Meyerstein’'s worR has successfully explained the majority triples excitations (CCSD(T)). have been §hown togive re]a'uvely
good values for the reaction enthalpies, in comparison to

of the observed effects of converting secondary amines to experiment. for the complexation of silver(l) by®.1% and by
tertiary ones on metal binding constants in solution: typically, ! . .
y g ypically NHs3.1415 However, such calculations are not feasible for the

a reduction in the binding constant. In total, five chemical | kvlated q h idlv i .
influences are considered of which four act to reduce the binding arger alkylated systems due to the rapidly increasing compu-
tational cost. Density-functional theory (DFT) methods present

constant while one, improving ligand-donating ability on . . 4
N-alkylation, increases it. Solvation effects which act to reduce & possible altemnative. Nonlocal func_tlonals such as BP86 and
Y B3LYP have been found to be superior to Hartré®ck (HF)

the binding constant are concluded to be, in general, of the -
greatest importance. Our interest here is with Ag(l) complexes, and Mller-Plesset second-order perturbation theory (MP2)

complexes which often provide an exception to the general methods f_or calculating the:srgr;odynamic prope_rties of a variety
picture?- Within the framework of Meyerstein’s theory, it is of metal-ligand complexes;'’and have found increasing use
the improving ligandr-donating ability onN-alkylation which in coordination chemistry They are al§o .fea5|bkla.to apply to
can give rise to such exceptions, and indeed Meyefsteia metal complexes of smaller macrocyclic ligaré<! including

suggested that for large monovalent cations such as silver(l) Studies by us of macrocyclic ligand complexes of silvet(l).

this could be the major contributing factor. A prerequisite for !N the present study we use DFT methods to calculate the
stepwise enthalpies for the addition of one and two of the

* Current address: GMD, BioMIP, Schioss Birlinghoven, D-53754 Sankt following amines to silver(l): N NH;Me, NHMe,, and NMe.
Augustin, Germany. We have also calculated the stepwise enthalpies for the addition
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TABLE 1: Basis Sets Used in the Calculations

name Adg N, O, C H
SV(P) SV(PY [5s3p2d] SV(P)[3s2pld] SV(P)[2s]
vDZ SV(PY [5s3p2d] cc-pVDZ [3s2pld] cc-pVDZ [2s1p]
avDZ SV(PY [5s3p2d] aug-cc-pVDZ[4s2p2d] aug-cc-pVDZ[3s2p]
avTz ecp-28-mwb[6s5p3d] aug-cc-pVTZ[5s4p3d2f] aug-cc-pVTZ[4s3p2d]
aVvTZ(f) ecp-28-mwhb(f)[6s5p3d1f] aug-cc-pVTZ[5s4p3d2f] aug-cc-pVTZ[4s3p2d]
avDZ(f) ecp-28-mwb(f)[6s5p3d1f] aug-cc-pVDZ[4s2p2d] aug-cc-pVDZ[3s2p]

aFor use with the 28 electron RECP of Andrae et°al. Reference 22 Reference 23¢ Reference?4. ¢ Reference 25.Reference 25 with an
added f function of exponent 1.7 optimized for use with silver(l) compléxes.

of one and two of the following oxygen-donor ligands to DFT vibrational frequency calculations were performed using
silver(l): H,O, MeOH, and MgO. The effect ofO-alkylation Gaussian9® after final optimization using the “tight” gradient
was studied to provide a parallel comparison of the manner by convergence criterion. The BP86 functional has previously been
which the binding enthalpy responds to alkylation of this donor- demonstrated to yield good results for zero-point energies, low-
atom. In addition, some highly correlated ab initio CCSD(T) frequency vibrations and vibrational entropies using scaling
geometry optimizations and normal-mode analyses are per-factors very close to unit$# Entropies, vibrational zero-point
formed on the ammonia complexes; geometry optimizations for energies (ZPEs), and enthalpies at 298.15 K and 1 atm were
the oxygen complexes have been performed by Feller ét al., computed from the unscaled harmonic frequencies using
and we extend this work to the calculation of vibration standard statistical thermodynamics relati&nall single-point

frequencies. energy calculations were also performed using Gaussian98 with
these final optimized geometries.
II. Computational Methods The CCSD(T) geometry optimizations were carried out using

AceslI®® the frequency calculations were performed using

tational techni loved. a DET techni 1o determi MOLPRO-977 driven by our own software for double-numer-
ational techniques are employed, a echnique to determing; .| yitferentiation of the energy. Entropies and enthalpies at

molecular structures and vibration frequencies, a (more accurate, oo 15 K and 1 atm were again computed from the unscaled
but more costly) DFT technique to evaluate single-point energies harmonic frequencies using standard statistical thermodynamics

at these optimized structures, and an ab initio CCSD(T) relations3s

technique for application to the smaller molecules as a standard. The thermodynamics calculations involving the treament of
All three techniques require the choice of a basis set. vibrational moges as free rotors were performed using the
The basis sets used were obtained by combining various baSiSUNIMOL software3®
sets for silver with ones for the ligands, and the names used for )
the overall basis set and their components are listed in Table 1
For the ligands, the basis sets employed were S%(R}-
pVDZ,23 aug-cc-pVDZ, and aug-cc-pVTZ.For silver, no all-
electron basis sets were used due to the substantial relativisti
corrections required for this heavy element. Instead, the 28-
electron relativistic effective core potential (RECP) of Andrae
et al?®®> was used in conjunction with the SV(Pand ecp-28-
mwb?® basis sets; note that ecp-28-mwb was actually optimized

for use with this RECP. In addition, the effect of adding an f luesl3 Theref d | .
function (of exponent of 1.7, optimized for use with silver(l) values. There ore, we 0o nqt apply BSSE. cqrrgctlons to
' CCSD(T) calculations. Also, in the Appendix it is shown

complexesy o the ecp-28-mwh basis set was considered, and through comparison of calculated energies and BSSEs that

we name the expanded basis set ecp-28-mwb(f). The number, . . >
of contracted basis functions in each complete molecular basisBSLYP/aVTZ(f) calculations are close to the ligand CBS limit.

set are also shown in Table 1; in increasing order of size, theseHence’noneOf the results presented in the subsequent results

are named: SV(P), VDZ, avDZ, aVDZ(f), aVTZ, and aVvTZ(f). ta_lbles_are corr_ected for BSSE. I_Exp_ansion of the basis set of the

The DFT geometries and frequencies were calculated usings'.lve.r is also !lkely to have a significant effect on calcylated

the BP88%27 functional with the small SV(P) basis set while binding energies for both CCSD(T) and B3LYP calculatidhs,

. . . ~ with effects observed for the binding of CO to Aof the order
:22 ggl—fgggeh%'né ?Sﬁ;%ﬁ::%ﬁ“&flaﬁg:;5_?%?32;:'”9 of 5 kcal molt. However, better results are again obtained for
All CCSD(T) calculations were performed using the aVDZ(f) small basis sets without the use of BSSE correction.
basis set. In the Appendlx, arguments supporting Fhese ChO'CG%II. Properties of the Parent Aqua and Amine Complexes
are presented, along with estimates of errors in calculated
properties. For the complexes of silver(l) with one or two,® or NH;

B. Software. Geometry optimizations were initially carried molecules, CCSD(T)/aVDZ(f) and BP86/SV(P) optimized co-
out using Turbomolé&® For calculations with the nonhybrid  ordinates and normal vibrational modes are provided in full in
functional BP86, the additional approximation was used that the Supporting Information. Also, the Duschinsky matrices
the Coulomb integrals are approximated by a sum of atom which relate the normal coordinates obtained from the two
centered s, p, d, etc., functionthe auxiliary (or fitting) basis? approaches are provided, as is an analysis of the (small)
This allows for very efficient treatment of the Coulomb differences between the calculated geometries in terms of
interactions and hence decreases the time taken for a givemormal-mode contributions. Key structural properties and the
calculation. In this case, the SV(P) auxiliary basis%eas used calculated zero-point energy changeszpr, dissociation ener-
for all atoms. giesDe, and thermodynamic propertiesAH (binding enthalpy),

A. Hamiltonian and Basis Set.Three independent compu-

C. Basis-Set Superposition Error.The basis-set superposi-
‘tion error (BSSE) was determined for a number of DFT
calculations on small complexes by the counterpoise (CP)
Corocedure of Boys and Bernaidi.BSSE is an undesirable
consequence of using finite basis sets that leads to an overes-
timation of the binding energy. For CCSD(T) calculations with
augmented correlation consistent basis sets it has previously been
observed that the uncorrelated binding energies are closer to
the ligand complete basis set (CBS) limit than CP-corrected
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TABLE 2: Calculated Geometries and Binding EnergiesDe for Ag*(L),, Where L = NH3 or H,O, and n = 1 or 2, as Well as
Harmonic—Vibration Changes in Zero-Point Energy AEzpr and Corrected Binding Energies, Enthalpies, Entropies, and Free
Energies for Stepwise Ligand Additiort

geometry
molecule method basis set symmetry Ragn Run OHNH De AEzpe —AH?%8 —AS  —AG*®
Ag*(NH3)
BP86 SV(P) Gu 2.176 1.036 107.2 58.6 2.6 57.1 24.7 49.8
B3LYPP avTZz 46.8 45.3 38.0
B3LYP® avTZ(f) 47.2 45.7 38.3
ccsD(T)  avDZ(f) Gv 2199 1.025 1062  46.0 25 44.6 24.6 37.3
expt 48.7+ 3.8
geometry
molecule method basis set  symmetry Rago Ron  OHOH De  AEze —AH?%8 —AS —AG?98
Ag*(H:0)
BP86 SV(P) Cs 2.191 0.986 108.0 41.2 1.6 40.4 20.5 34.3
B3LYPP AVTZ 30.3 29.5 234
B3LYP® aVvTZ(f) 30.6 29.8 23.7
CCSD(TY avDZ(f) Cov 2.210 0.968 106.2 304 1.3 29.7 20.3 23.7
CCSD(T}  estCBS 324 31.9 25.7
exptl 33.3+2.2 284434 248+3.2h
geometry
molecule method basis set  symmetry Ragn Rvi OHNH  De  AEze —AH?% —AS —AG?*®
Ag+(NH3)2 .
BP86 SV(P) Dsh 2.133 1.036 106.8 56.3 3.2 53.7 30.9 44.5
B3LYP? avTz 45.3 42.7 335
B3LYPP aVvTZ(f) 45.3 42.7 335
CCSD(T) aVvDZ(f) Dsh 2151 1.024 106.2 47.2 3.1 44.7 31.3 354
exptl 36.9+ 0.8 32.7+£1.2 27.2+£1.3h
geometry
molecule method  basisset symmet\Rago Ron OHOH [OOAgO De AEze  —AH?% —AS —AG?%8
Ag*(H0)
BP86 SV(P) C, 2.148 0.985 108.0 1779 40.8 2.2 39.0 30.5 29.9
B3LYP® avTz 29.4 27.5 18.5
B3LYPP avTZ(f) 29.4 27.6 18.5
CCSD(TY  avDZ(f) C 2.177 0.968 106.6 1765 301 1.9 28.3 263 205
CCSD(T) estCBS 29.6 27.8 20.0
exptl 25.4+ 0.3 22.3+0.5 18.8+0.5*"
24.6+ 39 18.04 39h

a Angles are in degrees and bond lengths are in angstroms. The vibrational zero-point energies and incremental binding energies, enthalpies, and
free energies are given in kcal mél Binding entropies were calculated from unscaled frequencies using the harmonic approximation and are in

cal K- mol=%. The zero-point energies are unscaled. No corrections have been made for basis set superpositigt greonptimized BP86/
SV(P) geometry; the BP86/SV(P) vibrational contributionsAtd and entropies are usetiCalculated from the value for the double addition of
ammonia, ref 8, and the value for the second addition of ammonia, réfFr@m Feller et al., ref 13, using CCSD(T)/aVDZ(f) vibrational corrections
rather than MP2 oneg High-pressure mass spectrometry values from Holland and Castleman, fé@ei@lculated from enthalpy and entropy
data.? From Deng and Kebarle, ref 8 From the observed enthalpies and entropig4.0 after free-rotor correctioh33.4 after free-rotor correction.
k30.1 and 30.4 after free-rotor correction fraba and Doy structures, respectively22.4 and 20.7 after free-rotor correction from &nd Dyg

structures, respectively.

—AS (binding entropy), and-AG (binding free energy) are

as CCSD(T) results by Feller et &l for the aqua complexes
extrapolated to the ligand complete-basis-set (CBS) limit gies AH) underestimat¢éhe observed ones by-3 kcal moi™
combined with our CCSD(T)/aVDZ(f) vibrational corrections.

Likely errors in these calculated properties are discussed inthe DFT calculations are near the CBS limit, basis-set expansion

detail in the Appendix. In brief, the B3LYP/aVTZ(f) energies
are believed to be close (within ca. 0.5 kcal mplof the ligand

CBS limit by up to 2 kcal motl. Larger deviations for the
expansion of the basis set of the metal toward the CBS limit mono-ligated species is actually quite good.
are possible, howevéf. For density-functional methods, ex-
panding the basis set toward the CBS limit does not always pies for the additions of the second ligands compared to the
produce improved results, and one may argue that only basisobserved values by about 3 kcal mbfor Ag™(H,0), and by

sets of the size used in the original parametrization of the density
given in Table 2 while the structures themselves are shown in functional should be used. However, for calculations like these
Figure 1. Also shown are calculated B3LYP/aVTZ and B3LYP/ in which we are concerned with a weakly bound complex for
aVTZ(f) dissociation energies and thermodynamic properties which basis-set superposition effects must be considered, use
—AH and—ASobtained using BP86/SV(P) corrections, as well of large basis sets is demanded.

Both CCSD(T)/avDZ(f) and B3LYP/aVTZ(f) binding ener-

for the monoligand complexes A{H,0) and Ag"(NH3). While

(for the aqua complég at least) is expected to reduce the
discrepancy to about half. Also, the experimental error bounds
CBS limit, and these differ from CCSD(T) results in the ligand are 2.2 and 3.8 kcal mo! for the agua and amine complexes
respectively, so that the agreement with experiment for both

In contrast, the calculatiormerestimatethe binding enthal-
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Ag'(NH;) (Ca,) Ag'(NHMe) (C;) Ag'(NHMe;) (Co)  Ag'(NMes) (Cs)

Ag'(MeOH) (C1) Ag’(Me:0) (G5} Ag'(NH:); (Dar) Ag*(NH:Me); (C2)  Ag'(NHMey); (Co)

Ag'(NMes), (Dsr)  Ag'(H20)2 (C2)  Ag'(MeOH); (C1) Ag’(Me0)2 (C,)

Figure 1. Optimized structures for complexes of silver(l).

6—8 kcal mol® for AgT(NHz3).. For both complexes, experi-  energy calculations at a higher level is of use in comparative
mental measurements were made in 1982 by Holland andstudies such as odrsn macrocyclic ligand binding.
Castlema#? who quoted error bars af 0.3 and 0.8 kcal mot, Entropy changesAS evaluated using the harmonic ap-
respectively. For Ag(H20), the subsequent 1998 work by Deng  proximation to the vibrational motion by CCSD(T)/aVDZ(f) and
and Kebarlé suggested a similar value farH but provided a ~ BP86/SV(P) are shown in Table 2, along with the observed
more conservative error estimate 68 kcal mol?, however, values for Ag(H20), Agt(NH3), and Ag"(NHs)2. The two sets
and within this range the calculated and experimental data areof computed values agree very well with each other, the only
in agreement. While this 3 kcal mdl error could arise from significant difference being for AgH,O), for which the
shortcomings of the calculations, it is in fact thegestdeviation potential-energy surface is very flat and hence the structure,
found by Feller et at® between enthalpies calculated at this vibration frequencies, and entropy and more difficult to evaluate.
level of theory and experimental ones for a range of clusters of For Ag*(NHs),, the agreement between both computed results
water with the cations Cu(l), Ag(l), and Au(l). More dramati- and experiment is within the experimental uncertainty. However,

cally, our calculated values for AGgNHa), differ from experi- there is significant deviation between experiment and the
ment by over twice this margin and a revised experimental CCSD(T)/aVDZ(f) results for Ag(H.0) (4 cal molt K-1) and
determination ofAH is clearly warranted. large deviation for Ag(H.0) (8 cal mott K1),

Binding enthalpies obtained using the computationally ef- A possible source of error in the computed values is the use
ficient BP86/SV(P) method overestimate those from B3LYP/ of the harmonic approximation to describe the vibrational motion
aVvTZ(f) by 11.4, 10.6, 11.0, and 12.4 kcal méfor Ag™(NHs3), of floppy complexes with various low-frequency motions. We
Ag*t(H20), Ag"(NHs);, and Ag'(H.O),, respectively. This have evaluated the CCSD(T)/aVDZ(f) energy as a function of
magnitude is too large to permit the use of this method in curvilinear vibrational motion for each calculated low-frequency
quantitative predictions of absolute binding enthalpies, but the mode for each complex and find that most motions are indeed
errors are systematic and the correct qualitative ordering is harmonic to energies much in excess of thermal energy at 298
achieved. Hence BP86/SV(P) without subsequent single-pointK. The only exceptions occur for the diligand complexes and
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TABLE 3: Optimal Silver-Donor Bond Lengths and n : ,
Changes in Zero-Point Energies for Complexes of Silver(l), C ]
and Incremental Changes in Zero-Point Energies, Binding - AgNH,_ Me, ]
Energies, Enthalpies, Entropies, and Free Energies for the aF 3-n7"n 3
Stepwise Formation of These Complexés . /._/'—*‘\1
R or 387 |
molecule  Rago NLFVP AEzpe AEing —AH?% —AS —AG?8 g [ ]
Agt(NH3) 2.176 1 26 472 457 247 383 To :’//’*\:\‘
Agt(NH:Me)  2.181 3 22 505 491 257 414 2-r Ag" (NH;_;Me;),
Agt(NHMe;)  2.194 6 20 514 500 265 421 o0 ]
Ag*(NMe;)  2.215 9 1.7 507 494 271 413  wl Ag*OH,_Me, ]
Ag(NH3)2 2.133 5 32 453 427 309 335 = 1
Agt(NH.Me), 2.143 10 27 463 437 356 331 vl ]
Agt(NHMey), 2.156 15 26 452 4277 382 313 =38 - ]
Ag*(NMeg); 2173 21 21 429 405 36.8 295 .W b
Ag*(H:0) 2.191 3 16 306 298 205 237 r 1
AgT(MeOH)  2.186 4 12 345 337 233 267 o - \
Agt(Me0) 2190 6 12 354 345 225 278 0 1 2 3
Ag*(H20), 2.148 9 23 294 276 305 185 n
Agt(MeOH), 2.142, 11 16 323 304 296 216 Figure 2. Binding enthalpies{AH) for the addition of a ligand to
2.144 form various silver(l) complexes, as a function of the degree of

Agt(Me0) 2150 15 14 324 305 312 212  methylationn.

@Bond lengths are in angstroms. The vibrational zero-point energies )
and incremental binding energies, enthalpies and free energies are givert0 the metat-ligand bond. The lowest-energy conformers have
in kcal mol. Binding entropies were calculated from unscaled the same internal ligand configurations as those found for the
frequencies using the harmonic approximation and are in caioi. free ligands and their conjugate actdsyhen attached to the
The changes in zero-point energies are unscaled. No corrections haVEfnetaI, these configurations minimize the metaydrogen
ﬁ?&i‘lﬂ?ﬁfﬁ jﬁ; ;gggrgﬁi'f)'oplfﬁgn";gf the number of ;0 ractions which probably leads to an increase in their relative
' stability.

A subtle structural feature of the aqua complexes is the
are the ligand wag modes for AgH,0), and the twisting orientation of the planes of the water molecules with respect to
motion about the ligandmetal-ligand axis for both. We  the metal-donor bonds. As shown in Table 2, BP86/SV(P)
evaluated the barriers for free axial rotation of the ligands to predicts that Ag(H20) is nonplanar, in contrast to CCSD(T)
be much less than thermal energy and hence the twisting motions2nd most other method$.BP86/SV(P) also predicts similar
may be adequately represented as free internal rotors. This is kinked” structures for the alkylated complexes. This ambiguity
the only anharmonic correction found to be necessary forAg in the structure is not expected to induce significant errors in
(NHa)z; its effect is to increase slightly AS with CCSD(T)/ calculated binding enthalpies, however, because the calculated
aVvDZ(f) predicting—AS = 31.3 cal mot! K71, in excellent energy differences relative to the planar structures of(NgO),
agreement with the value observed by Holland and Casti®man Ag*(MeOH), and Ag(Me;0) are just 0.03, 0.3, and 0.4 kcal
of 32.7+ 1.2 cal mot! K1 mol~1, respectively. These small energy differences between

The ligand wag motions are clearly important for ##,0), the kinked and planar forms indicate that there is little preference
as the potential energy surface has a sombrero shape wittfor SP° over sg hybridization for Ag(l)-coordinated oxygen
minima of C, symmetry (distorted 2) about a saddle point of ~ atoms. _

Dzg Symmetry. We evaluated the potential energy along these The calculated silver-donor bond lengths for the complexes
wag coordinates and found that it increases rapidly to over and thermodynamic data for the ligand binding are shown in
thermal energy at distortions of ca.°3@om Dag. The potential- Table 3. Entropies and free energies are also included, evaluated
energy profile supported by UNIMOL which most closely Using the harmonic approximation for the vibrational energy.
resembles the calculated one is that of two hindered 1-dimen-Although the large number of low frequency modes for the

sional rotors that are free to move within°3®om the high- ~ complexes are unlikely to all be treated adequately, only small
symmetry Dyg configuration. We made two estimates for €rrors in the thermal energy are expected and these should
anharmonic corrections to the entropy of H,0), for wag partially cancel out. As a consequence, the relative errors in
and twist motion, one based on the @yuilibrium geometry ~ the calculated enthalpies should be quite small.

and another based on the low-enefy saddle point. Using Some trends in the calculated silver-donor bond lengths occur,

CCSD(T)/aVvDZ(f), this produced-AS = 22.4 and 20.7 cal see Table 3. The AgN bond_len_gth increases by 0.005,_0.007,
mol-L K1, respectively, in satisfactory agreement with the and 0.021 A for the substitution of AGNH;) by the first,
experimental value of 22.3 0.5 cal mott K1, second, and third methyl groups, respectively, and by 0.010,
For Ag*(H,0), the CCSD(T)/aVDZ(f) harmonic-calculated 0.012, and 0.017 A for each Ppair of substitutions of @gHs)2.
entropies appear not to require anharmonicity correction and W& have also reported a similar increase in the-Agbond
differ from the observed value by 8 cal mélK=1. As this Ie_ngth uponN-alkyIatlon of some macrocycle complexes of
discrepancy is much larger than that found for any other system, Silver(l) in both the gas-phase calculated and X-ray crystal

the experimental result requires reinvestigation. structures.However, the cal_culated AgO _bond Iengths do not
behave analogously, the first methylation producing a small

IV. Effects of Alkylation bond-length contraction while the second methylation produces

the reverse effect. For all complexes the silver-donor bond

A large number of conformers for the alkylated complexes lengths are about 0.04 A shorter in the diligand complexes
were found by BP86/SV(P); the lowest-energy ones are compared to the corresponding monoligand ones.

described in Figure 1 and Table 3. Typically, the conformers  The effect that donor-methylation has on the binding enthalpy

differ in the arrangement of the methyl hydrogens with respect is shown in Table 3 and in Figure 2. The binding enthalpies
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increasewith (at least) the first methylation of the donor atom. predicted here for A Clearly, at least two opposing forces
Continued methylation results in decreased calculated stability are implicated, one whicktrengthenghe bonding on methy-
of the amine complexes. Clearly, these calculations do not lation, and one whiclhveakenst.

anticipate the unexpected enhanced stability found for some  The weakening of the bonding associated with & ligand
tertiary-amine containing macrocyclic silver(l) complexes in methylation has been attributed by Woodin et ain the basis

solution.z~* of simple electrostatic calculations, to a largéectrostatic
] ) repulsion between L and the methyl groups of NMeThis
V. Interpretation and Conclusions argument is parallel to (but significantly different from) Mey-
To investigate the effects of alkylation on the ability of erstein’s third effect, thattericrepulsions between the ion and

oxygen and nitrogen donors (specifically®and NH) to bind th.e' methyl groups are importapt. Our palculated geometries
to Ag(l), we have developed a DFT computational technique Mitigate against either faqtor being dor_nln_ant as _the calculated
and showed that it makes realistic predictions concerning the A to C minimum separationgecreasanith increasing degree
binding of the parent molecules through comparison with both Of methylation while the corresponding Ag to N bond lengths
detailed experimental and ab initio computational data. Both lengthen (see Supporting Information) to indicate weaket Ng
computational methods are found to predict results in good Ponds. The lengthening of the AN bonds may rather be
agreement with each other, though some significant differencescaused by factors such as a significant decrease in the ion
with experiment are found. While the most important data, dipole interaction energy with methylation. Our B3LYP/aVTZ(f)
including the relative energetics for the addition of the first and Ccalculated dipole moments for the ligands are 1.49, 1.30, 0.93,
second ligands of a series, is qualitatively reproduced, our resultsand 0.44 D for NH to NMes, respectively, and so a large
suggest that the experimental enthalpy for the second additionreduction of the primary electrostatic interaction energy is
of ammonia, as well as the experimental entropy for the first anticipated on methylation. A key contribution to this reduced
water addition, be reexamined. energy is that due to the large reduction of the partial nitrogen
In a recent review, Meyerstéirdescribed the effects of charge implied by the dipole moment changes.
N-alkylation of amine ligands on the properties of their metal ~ On the basis of the above results, it appears most likely that
ion complexes in terms of five contributions. Of these, the first the major effect operating to reduce the binding energy of
and second are only applicable in solution and will both lead alkylated N- and O- donor complexes of Ag(l) of the present
to unfavorable consequences Wfalkylation, decreasing the  type in the gas phase is the change in the electrostatic energy
binding energy to the metal; we do not consider these here. associated with the reduced ligand dipole moment; it is this
The third effect is that alkylation is expected to increase the change that serves to drive the calculated increase in the metal
metal to donor bond lengths due to steric interactions betweentg Jigand bond lengths.
the metal and the methyl groups, thus reducing _the binding  1,¢ only contribution which increases the binding energy on
energy. The fpurth effect is t.hat the .alk.yl sqbstltuents are methylation included in the analysis of Meyersfeis the
electron donating groups, making the binding nitrogen a better i, o »in ;. donating ability of the ligands. While this will lead
o-electron donor and hence increasing the binding energy. Last,to an increase in the covalent nature of the bonding, such

the fifth effect is thatN-alkylation may induce internal ligand electron donation will also increase the effective size of the ion

skeleton strain and bond angle distortions due to steric h|ndrance,and thereby increase the metal-donor bond length and hence
and will hence be unfavorable. This is only applicable to large

. - . : . decrease the electrostatic component of the bonding. Such
ligands containing a skeleton and is not appropriate here (in all electron donation is expected to have a large effect fot%a d
cases our calculated internal ligand conformers are invariant to. P . : 9
complexation and very similar to those for the free ligdids " such as Ag(l) compared to an ion with an incomplete d-shell
Supplementary to the Meyerstein analysii, has been such as Ni(l), as the additional electron density would need to
suggggted by De%ng and Kebér)i/bat the bonding t;etween Ag occupy the (spatia_lly) qutermost _atorm'cnrbital and thereby .
and oxygen, sulfur, and nitrogen-donating ligands is mainly increase the effective size of the ion to a greater extent. In this
electrostatic,in origi’n being less related to the hardness of therespect, coodination to Li(l) is analogous to that for Ag(l), while
base. The primary ’electrostatic interaction is between the coordination to H, in contrast, is an extreme example of control

charged metal atom and the permanent moments of the Iigands,by covalent bonding effect$. Hence, by considering the

but this is modulated by the degree of charge transfer from themterplay of covz?llent-bonding and electrostatic effects, it is
ligands to the metal and so is coupled to other effects. Other POSSIDIE 1O classify M(EyNHs, M(1) =(NHz)z, M(1)—H20, and
electrostatic interactions (not explicitly considered by Deng and M(1) ~(H;0), complexes into ones in which a monotonic
Kebarle) involve the polarizability of the ion and its ligands. 'N¢rease of binding energy with the degree of m_eth_ylat|on IS
Additional effects which are yet to be considered include the €XPected and ones in which at some stage the binding energy
dispersive interactions between the ligand and metal. As both Will Start to decline. Other attractive forces which increase with
the polarizability and dispersive strength of a ligand increase a/kylation, such as those associated with ligand polarizability
with its number of electrons, these binding effects are actually @nd dispersive interactions, are less likely to correlate so well
expected to become significantly more important with methy- With changes in the identity of the ion, however.

lation and should be included in a comprehensive treatise. While a plausible scenario for the effects of alkylation of
A variety of methyl substituent effects in the gas phase have oxygen and nitrogen donors is proposed, much work is required
been observed for different central iolg243For H*, FeBr" in order to establish more definitive results. Experimentally,
and Nit, the binding enthalpies increase with the degree of further data concerning binding to different ions by appropriate
N-methylation, although the effect is weakest for or which ligands is required. Computationally, progress may also involve
the binding enthalpies with NHMeand NMg are similar. the use of sophisticated analyses of binding such as those of

Alternatively, for Li* and CpNf, the order is reversed with ~ Roby—Davidsort* and Morokumd? but again it is clear that
the binding enthalpy for the addition of NHIMdeing larger for a comprehensive analysis, the simultaneous description of
than that for NMe. This latter behavior is similar to that the binding properties of a wide range of ions is required.
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Appendix: Estimated Errors in the DFT Computational method, and results near the CBS limit are essential. For the

Techniques DFT calculations basis set convergence was estimated consider-

The primary elements in the computational strategy are the ing the B.S.SE for the first two .additions of gmmonia to silver(l).
The addition of diffuse functions to the ligands was found to

choice of the DFT fur_mtionals and the choice of basis set. It _is be crucial, with the BSSESs for the SV(P), VDZ and aVDZ basis
necessary to establish that the method used to determine

S . . sets being 9.6, 7.4, and 0.95 kcal motespectively. Adding
molecular geometries is sufficiently accurate, as is the method diffuse functions to silver decreased the BSSE further, to 0.44

used to determine single-point energies. We do this by (:on5|der-kCal mol-1 for the aVTZ basis set, but the addition of an f

ing results, shown in Table 2, for the properties of Ag(l) o : : :
> polarization function did not alter the BSSE. On the basis of
complexes with one or two 4 or NH; molecules. The DFT sample calculations of the BSSE for the first and second

predictions are compared to both observed data and to resunsadditions of ammonia (0.13 and 0.31 kcal mglrespectively)

predicted using CCSD(T). and for the first addition of trimethylamine (0.29 kcal m¥l

A. Geometries. The method used to determine molecular (giscyssed in section IV), the BSSE at the B3LYP/aVTZ(f) level
geometries and vibration frequencies is BP86/SV(P), a fast g gstimated to be less than 0.5 kcal midbr a single addition

nonhybrid density functional with a small basis set. Table 2 ligand, and the relative BSSE between the addition of
shows that geometri_es predicted by it are quite comparable With gifferent ligands is estimated to be less than 0.2 kcal#ol
ones evaluated using CCSD(T)/aVDZ(f), an expensive but = cqnergence of the DFT calculations with respect to basis

3ccuratt3e ag ||n|t|o t:nethod ‘_Ji‘?d ;Vgg%??e fba3|shsetr.]The S'élver'set expansion was also monitored through examination of the
onor bond lengths are within 0.92. of each other, and -0 jated binding energies. Similar effects were seen as found

further 'expa_lns_ion of the basis set used in the CCSD(T) previously through examination of the BSSE. However, inclu-
calculations is likely to reduce these differences even more. Thesion of the f function on silver changed the binding energies

N—H and O-H bonds are overestimated by 0:1.02 A using by 0.3-0.4 kcal mot?, and hence this function was included

EPSG.’/SV(P)' andeffect vv_hicu is d\l;eptoéhe_lack of_lpk?larization in subsequent calculations. The difference in the calculated DFT
unctions on hydrogen in the SV(P) asis set. This error is binding energies between the aVTZ(f) and aVDZ(f) basis sets
common to all calculations and he"C‘? IS expecteq to have aNfor Ag*(NHa); is just 0.6 kcal mot?! indicating that the larger

insignificant effect on the _calculated blndlng_energles. For the . iculations are indeed very close to the ligand CBS limit. The
_bond gngles, agreement is very good, to withfn-12°. We __inclusion of an f function on silver has been shown to have
investigated the convergence of the qalculated geometries with larger effects for CCSD(T) calculations, however, and in
respect to expansion of the SV(P) basis set and found only smallyis context expansion to the infinite basis set limit has also

changes of order 0.02 A in bond lengths and @%ond angles b idered by Feller et&land. for AUCO. by D |
when the large aVTZ basis is used. Also, the further addition etezf_f;"”s' erea by refler etdland, for » Dy Large

of an f function to the basis set of silver had negligible effect.

_Of all the geometrical properties, the most significant  acknowledgment. We thank the Australian Research Coun-
difference between the two sets of calculated structures is thatg;| for funding this research and Dr. Meredith Jordan (University

the ground-state structure for A@H,0) is predicted to be  of Sydney) for assistance with the UNIMOL calculations.
nonplanar Cs) using DFT and planad,) using HF, MP2, and

CCSD(T)#® The DFT structure is similar to that which has  supporting Information Available: Provided in ASCII text
actually been found for At(H20),*® with the water molecule  format are the DFT/SV(P) calculated geometries and vibration
bent slightly out of the plane; this is illustrated in Figure 1. Of frequencies for all of the complexes considered, with in addition
major importance herein is the magnitude of the error in the analogous results for the ligands;® and NH; CCSD(T)/
caI(_:uIated binding energies 'ghat is likely to result from use of avDz(f) normal modes also provided for the nonmethylated
an incorrect structure. For this complex, the calculated energy species, as are the Duschinsky matrices which relate the DFT

difference between th€s andCy, configurations at the BP86/  and CCSD(T) normal modes. This material is available free of
SV(P) level is extremely small, just 0.03 kcal mbland hence charge via the Internet at http://pubs.acs.org.
small uncertainties in the conformations of the clusters are not
expected to affect the calculated binding energies. Energy References and Notes
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