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Density functional calculations at B3LYP/DZVP are used to obtain the binding enthalpies and free energies
for the reaction Ag + XCN — AgNCX™, where X= H, CHs, NH,, OH, F, CR, CN, NO,, N(CHz),, CeHs,
pP-CsHiN(CHs),, p-CsHsNO,, and p-CsHsNH,. The calculated binding enthalpies at 298 K range from 52.2
kcal mol for X = p-CgH4N(CHz), to 21.3 kcal mot? for X = NO,. Calculations at this level of theory are

also used to optimize the structures of Ag(NC{H and Ag(NCH)* ions, wheren = 1—6. The binding
enthalpies for the addition of the first and second molecules afdDHare 40.1 and 35.3 kcal md| whereas

for HCN, they are calculated to be 31.2 and 28.3 kcalhakspectively. The binding enthalpies of the third

and fourth ligands are much smaller at 15.9 and 10.8 kcathfiol CH;CN and 13.5 and 9.7 kcal mdlfor

HCN. The 5- and 6-coordinate structures have positive free energies of formation with both ligands.
Electrospraying a solution of AgN§&nd acetonitrile in water shows the dominant ions to b&, AQNCCH;™,

and Ag(NCCH),*, with the Ag(NCCH)s™ ion being observed only in very small amounts and only under
relatively mild conditions. Energy-resolved collision-induced dissociation (CID) experiments confirm the Ag-
(NCCH)st ion to be a loosely bound species, while the Ag(NGJzHand AQNCCH™ ions have substantially
higher and comparable binding energies. Using the threshold method, we determined the binding energies at
0 K of NCCH; to Ag' and of NCCH to AgNCCH;* to be 38.7 and 34.6 kcal mdl respectively; the
corresponding energies at 298 K are 39.4 and 34.7 kcatimol

Introduction the isomers having the highest coordination number typically
) ] ) -~ ) being the most energetically favorédin larger peptides, the
The solution-phase chemistry of various transition metation  n,mber of chelating sites that simultaneously interact with the
ligand complexes provides valuable insights into the fields of sjer jon generally does not exceed the number of free ligands
heterogeneous catalysis and organometallic reactions and furnat can coordinate to Ag
thers our understanding of the interactions of these ions with Ag* has a & valence shell, which is close to being saturated:

X ) 4 i X
biological systems.* Gas-phase studies, on the other hand, however, being a large and easily polarizable metal, silver (I)

P“’V"?'e tEe bltr;dmg enefrglels and r;le%tlé/g _;iacw't('ies of Fhese may be expected to accommodate a large number of ligands in
lons In the absence of solvent effeets: Thermodynamic its coordination sphere. Complexes of Agith NH3,*® imid-

properties obtained from gas-phase studies are directly COMPa, ;6149 and pyridin&® have been shown to be dicoordinate and

rable _vvith those fr_om theoretical studies, and many gas-phase"nealr by means of X-ray crystallography. Four-coordinate
experimental studies have been sucglessfully combined with abyeyranedral complexes of Aguith acetonitrilé! and bipyridine
initio molecular orbital calculation®'" derivatives, such as 4,8,6-tetramethyl-2,2bipyridine 52 were
In the gas phase, the interactions of transition metal ions with observed in the solid state. In solution, di-, tri-, and tetracoor-
a variety of ligands such as amines, alcohols, and carbonyl dinated Ag complexes with NP2 and with pyrazing® were
functional groups are described as electrostatic in n&taf8.  observed, depending on the mole ratio of the silver (1) ion to
This relatively weak binding results in the geometry of the ligand the coordinating ligand. In a wide variety of neat solvents,
in the complex to be largely unchanged from that of the free including water, pyridine, acetonitrile, tetramethyl phosphate,
ligand. This is particularly well illustrated in our recent studies N,N-dimethylformamide, 1,1,3,3-tetramethylurea, dimethyl sulf-
on Mg" and Ag" complexes with NH3° oxide, N-propylamine, and 2-methylpyridine, Agvas shown
Silver (1) binds strongly to peptide®:45 Fragmentations of ~ to have tetrahedral coordinatiéh.
silver—peptide complexes in the gas phase have been shown to To the best of our knowledge, complexes of Agith more
be effective for peptide sequenciffyThe silver ion can bind  than four directly coordinated ligands have never been observed
to a large number of sites on a peptide, including the amino experimentally. Recently, some calculations indicated that the
nitrogen at the N-terminus, basic groups on the side chain, andfree energies for formation of trigonal bipyramidal Ag(NGX)
the carbonyl oxygens of the peptide bori&i¥> Recent ab initio from Ag(NCX),*, where X = H or CHs, are small but
calculations have shown Ago be mono-, di-, and tri-coordinate  negative®® The enthalpy calculated by Tsutsui e®dor the
in complexes witha-amino acids, and tetracoordinated Ag  addition of two CHCN molecules to Ag is 48.6 kcal mot?,
occurs in relatively small peptides. All are stable species, with which is in considerable disagreement with the value of 84.3
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+ 3 kcal mol! of Deng and Kebarlé? determined using  for the dissociation reaction at 0 K, is an energy-independent
high-pressure mass spectrometry. In this paper, we attempt toscaling factor, anch is an adjustable parameter.
resolve this apparent disagreement. We report the geometries, Equation 3 is only applicable to products formed as result of
enthalpies, and free energies of formation for the following single collisions. In the present experiments, the Ar is being
reactions continuously monitored with an upstream Baratron gauge. The
pressure is expressed as collision-gas thickness (C@mjl is
Ag® + n(NCX) — Ag(NCX),,* (1) typically maintained between 25 and 160102 atoms/cr.

To eliminate the effect of multiple collisions, we obtainggl
from threshold curves constructed only framat zero CGT.
These cross sections were obtained by extrapolating the data to
zero CGT. Typically, a threshold curve comprises 120 cross
section values over al range of G-3 eV.

In this present work, we also consider the possibility that

performed using Gaussian 98All structures were optimized c_olhsronallly afcur:/ated cornplex '%TS do nc|>t d_lssocw;llt_? O? tEe
without any symmetry constraints by the density functional time scale of the experiment. This results in a shift of the

theory (DFT), using the B3LYP hybrid meth&&;5° and the observed threshold to higher energy, the kinetic _shift,_ a
DZVP basis sef?61 All critical points were characterized by ~ conseduence of the fact that only those ions that dissociate

harmonic frequency calculations and were shown to be at within g2 are observed. The magnitude of the kinetic shift is

minima. Corrections for basis set superposition errors (BSSE) subtracted by incorporating the RieRamspergerKasset-

1-73 \whi ;
were made using the counterpoise metfo@alculated total g/_larcu_s t(_RRK':/I) _thteor)7, . Wg"i‘h_m"de& the utnrrr}olicultgr |
energies are given in Tables 1, 4, and 5. issociation rate, into reaction 2. This requires sets of vibrational

Experimental Method. Experiments were carried out on a frequencies and rotational constants provided by the DFT hybrid
PE-SCIEX API Ill triple-quadrupole mass spectrometer (Con- method at the B3LYP/DZVP level of theory for both the silver

cord, Ontario, Canada). A solution of approximately d complex ions and the dissociation products. (Tables 1s and 2s

silver nitrate in 40/20/40 (V/V/V) water/methanol/acetonitrile '? thenSiupporrgnrgt Igfonrrrlratlc;]n tsr(]atctlon list the vibrational
was introduced into the ion source at atmospheric pressure usingJ equencies a_ . otatio a_ CO_ sta . S'_) . .
a syringe pump (Harvard Apparatus, Model 22, South Natick, The upper limit to the kinetic shift is provided by a highly

MA) at a flow rate of SuL/min. Silver complexes of acetonitrile o_rdered, “tight”_ transition state (TS) similar in structure to the
were generated by means of a pneumatically assisted electroSilver complex ion. Here, the parameters of the TS are assumed

spray with air as the nebulizer gas. The ions were sampledtc_’ be represented by those of the silver complex ion_minus the
through a dry nitrogen curtain, an orifice, and into the quad- srngle_mode t_hat corresponds to the reaction _coqrdrnate _(RC)
rupole g operated in rf-only mode. The ions of interest were associated with the AgN stretching mode. This tight TS is
mass-selected by the first quadrupole idjected into the second  characterized by a negative entropy of activatios. More
quadrupole g where they underwent collisional activation appropriately, the d|ssocrat|_on of the silver complex is a simple
with argon atoms, resulting in dissociation, and their product 20nd cleavage whose TS is expected to be less ordered than

ions were then mass-analyzed in a third quadrupojea that qf the silver cqmplex ion. In this case, the “loose” TS
detected. vibrational frequencies can be modeled by those of the neutral

Data and Threshold Analysis.A typical Q; scan spectrum products; furthermore, the transitional freque_ncies, the ones that
shows the ion Ag(NCCH* to be dominant. The ion Ag- become rotations of the completely dissociated products, are
(NCCH)," is also present, but at much lower abundance, while tregted as rt'gt(grs, a treartment that correspon.ds.to a phase space
no evidence of AQ(NCChJs™ was observed. Under very mild limit (PSL)'_ *The T_S is assumed to be_ varratrona_llly located
collision conditions in the lens region, the Ag(NC@bt ion at the centrn‘uga_l barrier, an_d rhe adiabatic 2D rotational energy
became the dominant species, with Ag(NG# being at an is calculated using the statistical average approach detailed by
abundance of about-5L0%. Rodgers et o

Collision-induced dissociation (CID) of Ag(NCGH with Equation 3 was used to model and to analyze the threshold
Ar produces Ad energies of reactions 2 and 4

Ag*—NCCH, — Ag" + CH,CN @) Ag(NCCH,;),” — Ag(NCCH,)" + CH,CN  (4)

where X=H or CH; andn = 1—6. We also report the effects
of varying the X groups in the nitrile on the silver (I) ion binding
enthalpies for the first XCN addition as well as on the
geometries of the resulting complexes.

Computational Methods. Molecular orbital calculations were

The threshold energyg, of reaction 2 was determined using Results and Discussion
the curve fitting and modeling procedure CRUNCH, developed
by Armentrout and co-workef8:%° The product ion intensities
were first converted to cross sectidiis®® The fitting procedure

is based on the equation

Structural Features. The structures of the directly coordi-
nated complexes Ag(NCX}), where X= H or CHz andn =
1-6, are given in Figures 1 and 2. Total electronic energies
are given in Table 1. The symmetries assigned to #{bn6 are
with regard to heavy atoms only (see Figure 1), while the

o= Oozgi(E +E —E)'E 3 symmetries of iond—3 and 7—12 (see Figures 1 and 2) are
for the whole structures.
whereo is the dissociation cross sectidhis the kinetic energy In general, the AgN distance increases monotonically with
of the silver complex ion in the center-of-mass frarggis the increasing number of ligands, in both the Ag(NCH)" and
internal vibrational energy in a given vibrational state whose Ag(NCCHs),* series of complexes. The dicoordinated com-
probability at a given temperature § (if =g = 1, the plexes in both series are, however, the exception in that the

summation is over the revibrational states of the reactant ions), silver nitrogen distances are shorter than those of the corre-
E, is the threshold energy and corresponds to the energy requiredsponding monocoordinated species. This same trend was also
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Figure 1. Structures of Ag(CRCN),* (n = 1—6) for directly coordinated complexes, as optimized at B3LYP/DZVP. Bond lengths are in A.

TABLE 1: Total Electronic, Unscaled Zero-Point, and Thermal Energies as well as Entropies Calculated at B3LYP/DZVP

structure energy ZPE HSgs— H3 entropy
number ion/molecule (Hartrees) (kcal mol?) (kcal mol?) (cal Kt mol™)
1 Ag(NCCH)* —5332.03381 29.1 4.2 77.6
2 Ag(NCCH)," —5464.86409 58.5 7.5 111.5
3 Ag(NCCH)s* —5597.66226 87.5 11.1 148.9
4 Ag(NCCH)s™ —5730.45254 116.5 14.7 184.2
5 Ag(NCCH)s* —5863.23086 145.3 17.9 215.8
6 Ag(NCCH)s"™ —5996.00605 174.1 22.2 259.0
7 Ag(NCH)* —5292.68632 10.9 3.2 57.8
8 Ag(NCH);* —5386.17226 22.3 5.4 79.7
9 Ag(NCH)s* —5479.63379 33.4 7.7 110.6
10 Ag(NCH);+ —5573.08899 44.0 104 137.0
11 Ag(NCH)s* —5666.53432 54.8 13.0 157.5
12 Ag(NCH)s" —5759.97736 65.4 15.6 180.2
HCN —93.43350 9.1 2.4 36.7
CH:CN —132.76885 28.5 3.4 60.3
Agt —5199.19815 - 15 39.9
observed for the addition of NHmolecules to Ag.3° The Energetics. AQ(NCH)" and Ag(NCCH),™ (n = 1-6)

geometries of the ligands of all Agcomplexes studied here  ComplexesTotal electronic, unscaled zero-point, and thermal
are relatively unchanged from those of the free ligands. This is energies as well as entropies for HCN, £, Agt, and Ag-
characteristic of complexes in which the interactions between (NCX),™ (n = 1—6, X = H or CHg), are given in Table 1. The
the ligands and the silver (I) ion are essentially electrostatic in calculated binding enthalpies and free energies for direct
nature. coordination of up to six HCN and G&N molecules with Ag



Silver (I) lon—Organonitrile Complexes J. Phys. Chem. A, Vol. 105, No. 4, 2007113

1.152 1.182
2.257
2.206
O=— _°—° o W) @_w_ -0

%
11, D;, 12, Oy
Figure 2. Structures of Ag(HCNy" (n = 1—6) for directly coordinated complexes, as optimized at B3LYP/DZVP. Bond lengths are in A.

TABLE 2: Enthalpies and Free Energies for Reactions TABLE 3: Threshold Energies, E, (eV), for the CID of
Ag(NCX),™ + XCN — Ag(NCX) 4112 Ag(NCCH3)* and Ag(NCCH3),™ at 0 K
product ion no RRKM PSLTS AS? tightTS AS
structure number —AHu(298) BSSE —AHco(298) —AGw(298)  AqNCCHy)* 1.68+0.06 1.68+0.06 3.0 162006 —6.2
1 42.1 2.0 40.1 33.3 Ag(NCCH)," 1.64 1.50 16 1.17 —-9.4
g i;; ig igg 2;11 aCalculated at 1000 K; in cal ® mol™. P Absolute standard
4 12.7 19 108 32 deviation; measurements in triplicate.
5 5.8 N/AP N/AP —2.F
2.7 N/AP N/AP —2.4 . . . . .
? 332 2/. 1 31.2 25 6 respectively. The third and fourth ligands in both series are much
8 30.9 26 28.3 23.8 more weakly bound to the Agion, with binding enthalpies of
9 15.7 2.2 13.5 11.8 13.5 and 9.7 kcal mol for HCN and 15.9 and 10.8 kcal mdl
10 11.9 2.2 9.7 6.7 for CHsCN, respectively. The fifth and sixth ligands are the
E 2; 3‘1‘ gg :%-8 least tightly bound with binding enthalpies of only-8 kcal
) : ) : mol~1; furthermore, the free energies of the formation reactions
aX = H or CH3 andn = 0-5. All values are in kcal mof. are positive, indicating that formation of these adducts is
b AG(298) is positive without correcting for BSSEUncorrected for unfavorable.
BSSE. The results of the threshold CID analyses are provided in

are given in Table 2. It is apparent that Aginds tightly only Table 3 (Figure 3 shows the threshold curves). Table 3 includes
to the first two ligands, with the first addition having a slightly three types oE, values: those that do not include the RRKM
larger binding enthalpy than that of the second. This pattern lifetime analysis (an upper limit to the real thresholds) plus two
was also observed for the sequential additions of ammonia toother types in which lifetime analysis is included. The first of
Ag™. 3% The binding enthalpies with HCN are calculated to be these assumes a PSL TS (lower limit of the kinetic shift), and
31.2 and 28.3 kcal mol, while those with CHCN are 40.1 the second assumes a tight TS (upper limit of the kinetic shift).
and 35.3 kcal mol* for the first and second additions, The relative standard deviation of the threshold of reaction 2 is
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TABLE 4: Total Electronic, Unscaled Zero-Point, and
Thermal Energies as well as Entropies for Ligands XCN
L S0 Calculated at B3LYP/DZVP
;E* 400.0 energy  ZPE (kcal H3sg— H3 entropy (cal
'9: wons X group (Hartrees) mol™)  (kcal mofl) K~='mol™?)
£ p-CeH:N(CHs), —458.50181  108.0 7.3 102.0
@ 2000 7 p-CsHaNH> —379.88348 72.5 5.4 85.2
2 oo ] N(CHb)2 —227.42580  57.2 4.4 75.8
oo NH. —148.80158 21.4 2.8 59.2
00 CeHs —32451672  62.1 4.5 78.7
00 OH -168.66011  13.4 2.7 57.8
F —192.66838 6.3 24 53.6
CN —185.67038 10.2 3.0 57.6
Ck —430.53807 14.1 3.8 73.6
. p-CsHaNO- —529.05103 63.6 6.0 93.2
g 2007 f@’: NO; —297.93309 12.4 3.3 68.6
o g . :
2 b S5 ! TABLE 5: Total Electronic, Unscaled Zero-Point, and
g / Thermal Energies as well as Entropies for AQNCX
£ 100 A Complexes Calculated at B3LYP/DZVP
w2
g energy  ZPE (kcal H3ss— H§ entropy (cal
o X group (Hartrees) mol™) (kcal molY) K=tmol™)
0.0 K ; p-CeHaN(CHz), —5657.78585  108.9 8.6 121.1
00 10 3.0 p-CeHmNH, ~ —5579.16389  72.8 7.0 105.2
Encrgy (¢V, CM) N(CHs)2 —5426.70426  57.9 5.9 95.8
. NH —5348.07200 21.6 4.3 78.4
Figure 3. Threshold energy-resolved collision-induced dissociation CsHs —5523.78747  62.8 5.8 95.1
curves. Open circles: Zero-pressure extrapolated cross sections at 29§H —5367.92225  14.1 3.0 75.2
K. Solid line: Best fit to the data. Solid circle: Model cross section at F —5391.91700 7.2 3.7 71.0
0K. Panel a: Ag(NCCH);" — Ag(NCCHy)* + CH:CN. Panel b: Ag- gg By ez 1o
NCCHy)* — Ag* + CH:CN. 20 : . '
( H) g ° p-CsHaNO- —5728.30985 64.1 7.4 110.2
NO, —5497.16814 12.7 4.7 86.9
3.6%. While we have not actually measured the uncertainty for
the threshold measurement of reaction 4, previous measurements ’ _ _ o
indicate that standard deviations are typically within 5%. DFT and Kebarle’s experimentally determined binding enthalpy
The reactions under consideration are probably best describedor the addition of two CHCN molecules to Ag (84.3-75.4
as simple bond cleavages. Thus, the most accilatelues = 8.9 kcal mot?) is virtually identical to that for two NEi

are expected to be those obtained from the PSL TS model. Amolecules. This suggests a systematic difference in the Ag
comparison of the threg, values without RRKM treatment  binding enthalpies by about 9 kcal mébetween our DFT data
and those obtained with PSL TS treatment shows that the and the equilibrium data of Deng and Kebaléur threshold
dissociation of the Ag(NCCE™ complex exhibits zero kinetic ~ CID result for the accumulative binding of two GEN
shift, in contrast to that of the Ag(NCG)#" complex, for which molecules is 1.3 kcal mot lower than our DFT number.
the kinetic shift is approximately 0.14 eV or 3.2 kcal mbl Ligand Substituent EffectShe effects of varying the X group
The binding enthalpies at 0 KAH; of the first and second  in the reaction Ag + N=C—X — Ag—N=C—X* on the
acetonitrile molecules to Agas measured using threshold CID, - yeaction enthalpy was investigated. The total electronic, unscaled
are 38.7 and 34.6 kcal md, respectively. The corresponding  zero-point, and thermal energies and the entropies of =l N
AH,ggvalues, after addition of the appropriate thermal energies c—x and Ag-N=C—X"* species investigated are given in
(Table 1), are 39.4 and 34.7 kcal mél The DFT values are  Taples 4 and 5. The silver (1) ion binding enthalpies of the
higher, but are both within 0.7 kcal mdlof the experimental various adducts, given in Table 6, range from 52.2 kcal ol
values. _ . for X = p-CgH4N(CHsa) to 21.3 kcal mot? for X = NO,. As

The binding enthalpies for the addition of two GEN the binding enthalpy decreases, there is a concomitant increase
molecules to the silver (I) ion are 75.4 and 74.1 kcal Thol in the silver nitrogen bond distance. There are linear relation-

e comro Thoes vacssommess ors fveyass o oy TP bevieen e Agh disances and the binding energes
P Y, P y 9 for both the aliphatic and aromatic nitrile complexes studied

, : 1
and Kebarle’s experimental vatfef 84.3+ 3 kcal mot* than here (see Figures 4 and 5). A correlation between the silver (I)

with the theoretical value of 48.6 kcal mdlgiven by Tsutsui . S - - A
et afS for this reaction. In addition. it is ngtewort)r:y that the 1©N affinities and the proton affinities of all ligands in this study
’ is also evident (see Figure 6).

calculated enthalpies for the reactions of Ag@\H Ag(NH3),™,
and Ag(NH)s™ with NH3,%° using the same level of theory as Structural Parameters in Cyanobenzen€&ke cyano group

in that the current work, are all in good agreement with Holland functions as an electron-withdrawing group in cyanobenzene.
and Castleman8 experimentally determinedHg,; values for This is reflected in the bond lengths given in Figure 7. The
these reactions. Summing the calculated value of 40.1 kcal C—N distance of 1.166 A in cyanobenzene is slightly longer

mol~1 for the first addition of NH to Ag™ with Castleman’s than that in HCN (1.160 A), and there is an alternation of bond
experimental value of 36.8 kcal mdlfor the second addition,  lengths in the phenyl ring with the;€ C,, C;—Cs, C3—C,, and

we obtain 76.9 kcal mot for the combined reaction. Thisis  C4—Cs distances all being slightly longer than those calculated
lower than the value of 85.6 kcal mdlgiven by Kebarle for at the same level of theory for benzene (1.401 A), while the
this reaction by 8.7 kcal mot. The difference between our C,—C; and G—C; distances are shorter at 1.395 A. All these
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TABLE 6: Enthalpies and Free Energies for Reactions Ag + XCN — Ag(NCX)*

site of Agt
X group attachment —AH,(298) BSSE —AH¢(298) —AG¢0(298)
p-CeHsN(CHs)2 Cyano 53.9 17 52.2 45.2
Amino 324 - - 24P
p-CsHaNH> Cyano 51.2 1.8 49.4 43.5
Amino 30.7 - - 23.3
N(CHs), Cyano 49.7 1.9 47.8 41.8
Amino 22.0 - - 14.3
CeHs Cyano 45.0 1.8 43.2 37.2
NH; Cyano 45.1 2.1 43.0 36.8
Amino 18.8 - - 11.8
OH Cyano 38.8 2.0 36.8 30.1
Hydroxy 8.5 — - 2.4
p-CsHaNO2 Cyano 37.6 1.8 35.9 29.1
Nitro 36.0 - - 28.9
F Cyano 31.0 1.8 29.2 225
CR Cyano 26.9 1.7 25.2 18.0
Trifluoromethyl 5.7 — - 0.12
CN Cyano 25.0 2.0 23.0 16.0
NO, Cyano 22.9 1.6 21.3 14.9
Nitro 15.6 - - 8.2

aValues are uncorrected for BSSE.

220 4
* NO;

y = 252.25x - 598.36 CN o
R? = 0.965

-25

-30 4
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-40 4

Binding enthalpy {kcal mof™)

45 4

N(CHy): o

-50

-55 T T T T T T 1
2.16 218 220 222 224 2.26 228 2.30
Ag-N Distance (Angstroms)

Figure 4. Silver (I) ion binding enthalpy plotted against the silver nitrogen distance in all aliphati€=XN ligands. In all cases, the site of Ag
attachment is to the cyano nitrogen.

geometric changes are consistent with a minor contribution from effects of thep-NH, group on the other bonds within the ring

resonance structurEra are less pronounced but favor a larger contribution from the
resonance structudba Addition of Ag™ to the N of CN group
_ has larger effects on the geometry of the ring, changes that
*@zCZN further indicate the importance of resonance strucliia
17 a
. -
Coordination of Ag to the nitrogen of cyanobenzene converts HZN:C>:CZN
the substituent into a stronger electron-withdrawing group, and 15a

the geometric trends in bond lengths in the phenyl ring caused

by substitution by CN are in the same direction but more  The p-NO, group is electron withdrawing and has a much

pronounced. The largest geometric change resulting from the smaller effect than the p-NHyroup on the structure of the ring.

addition of Ag' is in the PR-CN bond, where there is a decrease The addition of Ag to the cyano group gi-NO,PhCN results

of 0.015 A. in changes almost identical to those that occur with the addition
Introduction of ap-NH; group into cyanobenzene assists in  of Ag* to PhCN.

the donation of electron density to the cyano group from the Linear Free Energy Relationship§he Agh affinities of

phenyl ring, and the £-C, and G—Cs bonds inp-NH,PhCN substituted cyanobenzenes span a small range from 35.9 kcal

are both lengthened by 0.011 A relative to those in PhCN. The mol! for the p-NO, substituted to 52.2 kcal mol for the
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y = 0.5712x - 68.01
R*=0.9774
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Figure 5. Silver (l) ion binding enthalpy plotted against the silver nitrogen distance in all aromatiesd\ ligands. In all cases, the site of Ag
attachment is to the cyano nitrogen.

y = 17.096x - 26.746
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NO,

Free energy (kcal mol")
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N(CHy),
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Sigma

Figure 6. Silver (1) ion affinities plotted against proton affinities for->C=N ligands. In all cases, the ion attachment is to the cyano nitrogen.

p-N(CHa), substituted. The calculated free energies of formation constants for their respective X groups and obtained the linear
plotted against the Hammetg substituent constarits’” for the plot shown in Figure 9. The slope of this plet,is 17.1. This
limited number of cyanobenzenes studied here show a linearvalue is larger than that for the-substituted cyanobenzenes,
correlation with go value of 10.6 (Figure 8). reflecting both the closer proximity of the substituent to the
The cyano complexes essentially involve donation from the site of silver (I) ion attachment and the larger dependence on
lone pair electrons of-symmetry, formally localized on the  the substituent for charge delocalization in the smaller aliphatic
N, to Ag", and there is littler-interaction between the filled ions.
d-orbitals on Ag and the filledsz-orbitals of the cyano group. Alternative Sites of Ag (l) lon AdditionAlternative sites to
In this sense, the interactions between&md the substituents,  the cyano nitrogen for silver (1) ion binding were explored. The
X, in aliphatic complexes AgN=CX" are not too dissimilar interaction of Ag™ to benzene has been investigated by many
from those between these substituents and the carboxylic acidgroups’®-8° and a binding energy was recently calculated to
group in the benzoic acids, the class of compounds upon whichbe 35.4 kcal mol®,”® while experimental values of 3% 2 and
the Hammett substituent constants are based. We therefore85 kcal moll were reported? The only other possible
plotted the calculated free energies for the binding of Ag s-complex that could form with any of these ligands is from
all aliphatic complexes against the Hammett substituent the interaction of Ag with the triple bond of the cyano group.
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Figure 7. Structures of aromatic ligands,>p-C¢H4,C=N and Ag-—X—p-CsHsC=N, and GHe. All structures are optimized at B3LYP/DZVP.
Bond lengths are in A.

For all the ligands under study here, no saebomplexes were Experimental binding energies for the first and second addition

found to exist at minima. of CH3CN molecules to Agj were determined by means of the
Other possibles-complexes were also investigated. The threshold method and were found to be in good agreement with

enthalpies and free energies of silver (I) ion binding in these those obtained from B3LYP/DZVP calculations.

o-complexes are shown in Table 5. These results indicate that \We have addressed the considerable disagreement between

Ag™ attachment to the cyano nitrogen is always the favored Tsutsui et & and Deng and Kebari&for the addition of two

site of binding. In the case @FNCCgH4NO; the dicoordination  CH,CN molecules to Ag. On the basis of the theoretical and

of silver (1) to the oxygen atoms of the N@roup has abinding  experimental evidence presented here, it is clear that the

enthalpy of 36.0 kcal mot, which is comparable to, but still  theoretical approach adopted by Tsutsui €% aleverely

lower than, that for silver (I) addition to the cyano nitrogen.  ynderestimates the binding energies of these reactions, almost

by a factor of 2.

The effects of varying the substituent X on the enthalpy of

Here we have investigated the electronic structures andthe reaction Ag + N=C-X — Ag—N=C—X" was also
binding energies of AgINCC#" and Ag(NCH),* complexes investigated. Positive correlations were shown to exist between
wheren = 1-6. Molecular orbital calculations indicate that the binding enthalpies and the Al distances, as well as
formation of these complexes where the ligands are directly between the silver ion affinities and the proton affinities for all
coordinated to the central silver ion with values of it should ~ the ligands R=C—X examined.
occur in the gas phase at 298 K. However, the free energies for Finally, the plots of the Ag binding free energies against
formation of the four-coordinate species are very small. the Hammett, substituent constants were shown to give linear

Conclusions
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Figure 8. Free energies for silver (I) ion binding to aromatic ligands; pCsH4C=N, plotted against Hammett's, substituent constants.

,35 -
p-C¢HNO,

_37 4
y =390.75x - 901.3
R?=0.987
-39 1

s
ES
pry

A
@

47

Binding enthalpy (kcal moF')
A
w

IS
©
.

p-C5H4NH1

51

53 p-CeHaN(CH3),

-55 T T T T T T T
217 2175 2.18 2185 2.19 2195 22 2.205 221 2215
Ag-N Distance (Angstroms)

Figure 9. Free energies for silver (1) ion binding aliphatic ligands:-&=N, plotted against Hammetts, substituent constants.

correlations for both aromatic and aliphatic ligands studied with ~ Supporting Information Available: Vibrational frequencies
the p values being 10.6 and 17.1, respectively. The lagger and rotational constants provided by the DFT hybrid method at
value for the aliphatic ligands reflects both the closer proximity the B3LYP/DZVP level of theory for both the silver complex
of the substituent to the site of silver ion attachment and the ions and the dissociation products. This material is available
larger dependence on the substituent for charge delocalizationfree of charge via the Internet at http://pubs.acs.org.
in the smaller aliphatic ions.
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