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A multiple linear regression analysis has been carried out using
the Kamlet-Abboud-Taft solvatochromic parameters in order to
quantify the solvent effects on the O chemical shifts of methyl
formate (MF). The influence of the solvents upon the carbonyl
oxygen chemical shifts is smaller for MF than for N-methylform-
amide (NMF). The influence (in parts per million) of the solvent
polarity—polarizability reduces from —21.9z* in amides to
—9.6@* in MF. The influence of the solvent hydrogen-bond-donor
acidities reduces from —42.0« in formamides to —16.9a in MF.
The solvent effects upon the dicoordinated oxygen chemical shifts
of MF are smaller in magnitude and opposite in direction, i.e.,
4.87* and 2.6«, than those for the carbonyl oxygen. 'O hydration
shifts have been calculated for the NMF + (H,0), and MF +
(H,0)s complexes by the ab initio GIAO method at the 6-311 +
G** level. The hydration shifts calculated for the carbonyl oxygens
of NMF and MF and for the dicoordinated oxygen of MF, —102.4,
—64.7, and 17.6 ppm, respectively, show the same trend as the
corresponding empirical hydration shifts, —101.7, —42.0, and 14.2
PPM.  © 2001 Academic Press

Key Words: solvent effect; oxygen-17 chemical shifts; linear
solvation shift relationships; ab initio hydration shift; methyl
formate.

INTRODUCTION

0 chemical shifts3(*"0) are extremely sensitive, in gen
eral, to both solvation and substituent effects3). Recently,

and amide groups and of the dicoordinated oxygemith the
carbonyl oxygen Qin MF (see Fig. 1).

Models for describing the solvent effects on thg’O)
chemical shifts of amides were proposed first by Burgar al
colleagues g, 10 and then by Gerothanassis and co-work
ers @3, 11). The later model was reduced to a more quant
tative basis 4) by application of the KAT parameters using
linear solvation shift relationships. The chemical shifts ¢
the four amides analyzed id) (N-methylformamide, NMF;
N,N-dimethylformamide, DMFN-methylacetamide; NMA,
and N,N-dimethylacetamide, DMA) show the same deper
dence (in ppm) on the solvent polarity—polarizability, i.e.
—21.97*. On the other hand, the influence of the solver
hydrogen-bond-donor (HBD) acidities is slightly larger fo
the acetamides NMA and DMA, i.e547.5x, than for the
formamides NMF and DMF, i.e+42.0x. The influence of
the solvent HBD acidity is expected to be related to solu
hydrogen-bond-acceptor (HBA) basicity, as measured |
the B scale, and the influence of the solvent polarity/pola
izability is expected to be related to the solute polarity
polarizability, as measured by the* scale. Unfortunately,
these relations cannot be quantified from the amide rest
since then* and B parameters are available only for DMF
and DMA, being close for both molecules the correspondir
values of#*, 0.88 and 0.85, and g8, 0.69 and 0.76. On the
contrary, for the MF molecule the* value, 0.55, and th@

a satisfactory model for the quantitative description of the,, - 737 jiffer from those of DME and DMA providing

solvent effects and determination of the substituent effe

upon thed(*’O) chemical shifts of amides was proposed

! Member of CONICET.

e present study of the solvent effects &¥O,) chemical

b¥ K . X -
. ; . . - hifts of MF the pertinent results for elucidating the trenc
Diez et al. (4). This model was derived from a multiple-linear- P g

regression analysis (MLRA) using the Kamlet—Abboud-Ta
(KAT) solvatochromic parameter${8). The same approach
is applied in this work to the description of the solvent effects
upon the§(*'0) chemical shifts of methyl formate (MF) with
the aim of comparing the behavior of carbonyl oxygen in est

f the relationships between the influence of the solve
pon thed(*’O.) chemical shifts and the solute solvatochrc

mic parameterg and 7*.

The application of MLRA using the KAT parametefs—9)

to the quantitative description of the solvent effects upon tl

%f”O) chemical shifts provides less satisfactory results for M

than for amides4). With the aim of clarifying some of the
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ies have been performed for NMF and MF comprising calcl
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Oc\\ /CHs Oc\\ /CHa 8% = 8¢y + sX (7 + d*8y) + a*ay + b*By, [1]
/C° O /C° N\ where the solvent effects are described by the solvent pare
H H H etersm?, 8y, ay, andBy. The 7* scale is an index of solvent
dipolarity/polarizability, which measures the ability of the sol
MF NMF vent to stabilize a charge or a dipole due to its dielectric effes
FIG. 1. Chemical formulas of methyl formate (MF) amdmethylform- The a scale of solvent hydrogen-bond-donor acidities ds
amide (NMF). scribes the ability of the solvent to donate a proton in

solvent-to-solute hydrogen bond. Tk scale of hydrogen-

bond-acceptor basicities measures the ability of the solvent
lations of shielding constants for the free molecules, hydratiaecept a proton (i.e., to donate an electron pair) in a solute-
shifts, and solvent reaction field shifts. solvent hydrogen bond. Th& parameter is a polarizability
correction term for polychlorinateds(= 0.5) and aromatic
(6 = 1.0) solvents. The coefficienss, a*, andb* in Eq. [1]
define, respectively, the sensitivity 8§ to solvent dipolarity—

) ) o ) polarizability, acidity, and basicity. The product of coefficient
A discussion ofab initio methods for the calculation of the gx4% gefines the sensitivity o33 for the polarizability correc

NMR shieldings has been given in a recent revié®) (where ion term.
the authors stress that there is no systenadimitio theory of The termdY, in Eq. [1] is the chemical shift of oxygeK

NMR parameters in interacting atomic or molecular systtMgeasured in cyclohexane, since this reference solvent does
Reliable supermolecule calculations, where some neighboriggm hydrogen bondsa(sy = Bey = 0) and was selected to
solvent molecules are explicitly included in the calculatiofefine the origin of ther* scale @, = 0). The terns*(7% +
together with the solvent molecule, only can be carried oyts, ) accounts for the difference between the contributions
when the solvent molecule is small. This approach has begnin solventY and in cyclohexane from the solute—solver
apphed in the pr(_asent work to the calculation of hydratioperactions other than hydrogen bonding. The teatis, and
shifts of oxygen in NMF and MF. On the other hand, thgxg, represent the contributions from hydrogen bonds
solute—solvent hydrogen bond effects are not accounted forrﬂéthyl formate with solvents HBD and HBA, respectively.
the continuum models developed for describing the electro-4king into account the fact that in cyclohexane solution tt

static effects of a surrounding dielectric medium. Thereforg drogen bonding interactions are absent, the chemical&hift
this approach, which has also been used in the present Wagf.the isolated molecule could be estimated as

only may be applied for solvents where the hydrogen bond
contributions are negligible. A proper treatment of the solvent
effects requires the combined use of quantum chemistry and
molecular dynamics approaches, but efficient techniques for

.. . . . .
performing this kind of calculations have not been developd{'€réo is thea* value in vacuum (i.e., for a bulk dielectric
yet (12). constante equal to 1). On the basis of vapor-phase electror

The development of empirical solvent scalés 8, 13, 13 spectra of eight solvatochromic indicators, thig(~ %) value
was originally prompted by the need to quantify solvent effec the 9as phase was reported by Abboud and colleagis (
which were beyond the reach of theoretical tools. Using thi€ P& —1.06 = 0;1' Recently, a refined value 6f1.23 was
framework, a linear dependence upon solvent parameterd §g0rted &) for . _
assumed for describing a solute property such as a chemical '€ Solvent parameters*, «, and 8 used in the present
shift (5). Of the many solvent scales that have been proposdfP'k for Eq. [1] are given in Table 1. The used solvents we

the KAT ones 5—8 have been found to be very successfuﬁhbsen taking into account the three constraints on MLR
The application of the KAT formalism to the analysis of th¢U99ested?) by Abrahamet al.: (i) there must be enough datz

solvent effects of’O chemical shifts is scarcd (15. On the points taken, (ii) the explanatory variables must cover as wi

contrary, the application of this formalism to the chemicd} "ange as possible, and (iii) the explanatory variables must
shifts of the other nuclei*tl, “C, *F, . . .) isfrequent B). In be linearly dependent. For these solvents, the polarizabil
particular, the solvent effects on nitrogen NMR shieldings haf@"Tection parametai, is, in principle, equal to zero. For this
been thoroughly studied by Witanowski and colleagus{19 reason, the terrd” 8 should be excluded from Eq. [1]. On the
and references quoted therein). other hand, MF is a HBA baseq (= 0, B = 0.37). For this

X
According to the KAT formalism, the observed chemicdi€2Son. the termb”sy should be also excluded from Eq. [1]
shift, 8%, of oxygenX (X equal to ¢ or e for carbonyl or Which reduces to

dicoordinated oxygens, respectively) at infinite dilution in sol- . .
ventY would be given by the relationship 8y =8¢cy+ sy + a¥ay. [3]

LINEAR SOLVATION SHIFT RELATIONSHIPS (4-8)

8y = 8%y + s*m, [2]
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TABLE 1 determining the paramete, and s* to 10. For the am
Solvatochromic Parameters (7*, «, B) Used in Eq. [1] phiprotic solventsl1-14, (a« # 0, B8 # 0) and the HBD acids
15and16 (« # 0, B = 0), Eq. [3] must be applied. Therefore,

* . . . .
Solventy T « there are 6 data points which are useful for determining t
X
1, perfluorohexane ~0.48 0.00 0.00 Parametea’.
2, perfluoromethylcyclohexane —-0.48 0.00 0.00
3, perfluoromethyldecalin -0.34 0.00 0.00
4, hexane -0.11 0.00 0.00 EXPERIMENTAL
5, cyclohexane 0.00 0.00 0.00
6, decalin 0.09 0.00 0.00 NMR Measurements
7, diethyl ether 0.24 0.00 0.47
8, triethyl amine 0.09 0.00 0.71  All compounds used in this work were available comme
9, tetrahydrofuran 0.55 0.00 0. 55 cially and when necessary they were purified by distillatiol
10, dimethyl sulfoxide 1.00 0.00 6 Their identities and purities were checked from thigir and
11, acetonitrile 0.66 0.19 0. 37 e
12, 2-propanol 0.48 0.76 0.95 ~C Spectra. .
13, methanol 0.60 0.93 0.62 The 'O NMR spectra were recorded with a Bruker AM-50(
14, water 1.09 117 0.18 spectrometer operating to 67.801 MHz from 0.5 M solutions |
15, trifluoroethanol 0.73 151 0.00 methyl formate in 16 different solvents with,D as external
éi]:;xaﬂ“°r°'S°pr°pa”°' 065 1.96 0.0standard. Sample temperatures were established at 298 K u
ME 0.55 0.00 037 the mstruments temperature control._Spectra were takeq W
DMF 0.88 0.00 0.69 the following parameters: memory size, 4K; spectral widtl
DMA 0.85 0.00 0.76 62,500 Hz; acquisition time, between 0.03 and 0.06 s; digit

resolution, between 15 and 30 Hz per point; pulse widtu&0

and number of sweeps, between 50,000 and 120,000.

{elaxatlon delay Gaussian multiplication was used in the wal
olutlon to separate the,B-D,0 signals.

The 'O chemical shifts reported in Tablef@ the carbonyl
oxygen, Q, and in Table JFor the dicoordinated oxygen, O
are the average values of at least three independent meas
ments. They were corrected for the magnetic susceptibill
effects according to

Our set of 16 data points is ample for the three-paramete
regressions to Eq. [3]. The perfluorinated solvelri3 and the
nonaromatic hydrocarbors-6 are non-hydrogen-bonding sol-
vents, ¢ = 0, B = 0). For these solvents, Eq. [3] reduces to

8% = 8%+ ", [4]

For the HBA base3-10, (o« = 0, B # 0), Eq. [4] should also
be applicable, raising the number of data points available for Scor = Sops— (47/3)(xs — xr) X 106, [5]

TABLE 2
Solvent Effects on the 'O Chemical Shifts 8% (ppm) of MF Carbonyl Oxygen and Differences dy between
Calculated and Experimental Values for the Corresponding i Fits

SolventY b dy d? d? dv ds M
1, perfluorohexane 372.45 +2.2 +1.9 — +0.8 +0.6 +1.0
2, perfluoromethylcyclohexane 372.36 +2.2 +2.0 — +0.9 +0.7 +1.0
3, perfluoromethyldecalin 372.00 +1.4 +1.5 — +0.5 -0.7 +0.1
4, hexane 373.98 -2.7 -2.0 +0.1 — -0.2 -0.5
5, cyclohexane 373.51 -3.2 -2.2 -0.5 — -1.1 -1.0
6, decalin 372.67 -3.1 -2.0 -0.5 — -1.3 -1.0
7, diethyl ether 370.06 +0.8 -0.3 +0.7 -1.0 +1.3 +0.3
8, triethyl amine 372.01 +1.6 -1.3 +0.2 -2.1 +2.2 -0.3
9, tetrahydrofuran 368.16 +0.4 -0.3 -04 -0.9 -0.3 —0.6
10, dimethyl sulfoxide 363.83 +2.0 +1.2 -0.4 +0.7 -0.7 -0.4
11, acetonitrile 362.34 +1.4 +1.5 +1.2 +1.0 +1.1 +1.3
12, 2-propanol 361.12 -0.9 — — — -0.1 —
13, methanol 359.82 -5.2 — — — -3.7 —
14, water 342.55 +1.6 +1.5 +0.3 +1.5 +2.7 +2.3
15, trifluoroethanol 342.28 -1.1 -1.9 -1.7 -1.9 —-2.8 —2.8

16, hexafluoroisopropanol 332.66 +2.5 +0.4 +1.0 +0.5 +2.3 +0.7
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TABLE 3

Solvent Effects on the O Chemical Shifts 85 (ppm) of MF Dicoordinated Oxygen and Differences dy between
Calculated and Experimental Values for the Corresponding i Fits

SolventY 8¢ dy d? d3 de
1, perfluorohexane 136.70 +0.5 +0.5 — +0.1
2, perfluoromethylcyclohexane 136.89 +0.3 +0.3 — -0.1
3, perfluoromethyldecalin 137.07 +0.8 +0.8 — +0.4
4, hexane 140.01 -0.9 -1.0 -04 —
5, cyclohexane 140.31 -0.7 -0.8 -0.3 —
6, decalin 140.47 -0.4 -0.6 -0.1 —
7, diethyl ether 140.78 -0.2 -0.1 +0.1 -0.4
8, triethyl amine 139.68 +0.0 +0.2 +0.6 -0.1
9, tetrahydrofuran 142.01 +0.1 +0.1 +0.1 -0.1
10, dimethyl sulfoxide 145.00 -0.7 -0.7 —-1.2 —-0.9
11, acetonitrile 142.87 +0.3 +0.3 +0.2 +0.1
12, 2-propanol 143.94 -0.5 -0.2 +0.0 -0.3
13, methanol 143.33 +1.3 +1.4 +15 +1.4
14, water 146.82 +1.1 +0.9 +0.5 +1.0
15, trifluoroethanol 146.43 +0.6 +0.5 +0.5 +0.5
16, hexafluoroisopropanol 149.26 -15 -1.6 -1.4 -15

whered,,s andd,,, are the observed and the corrected chemichasis set superposition error relative to comparable all elect
shifts in units of parts per million, ang, andy, are the volume calculations 27, 3Q. The structures were restricted tQ £ym
magnetic susceptibilities of the sample and the reference satwetry during the optimization.

tions, respectivelyqQl). The susceptibilities of solutions were The solvent reaction field shifts were evaluated by means
estimated by adding the susceptibilities of the pure componeatsshielding constant GIAO calculation performed at th
multiplied by their volume fractions. The chemical shifts ex6-311 + G** level in the presence of a solvent, using the
trapolated to infinite dilution in hexane, cyclohexane, argklf-consistent reaction field (SCRF) approagh, 39, as it is
tetrahydrofurane differ less than 0.6 ppm for &d 0.3 ppm implemented in the DALTON progranB8). The solvent re-
for O, from those given in Tables 2 and 3 corresponding to Osponse to the presence of the solute was represented &

M solutions. multipole expansion including all terms uplto= 10 (33). In
the SCRF model the solute is placed in a spherical cavity a
MO Calculations surrounded by the dielectric medium; the cavity radii of FN

. o (@, = 3.41 A) and NMF @&, = 3.68 A)were estimated by a

The ~O shielding constants have been calculated using th8s_phase molecular volume calculation using the Gaussian
noncorrelated gauge independent atomic orbital method G'&%gram 23). Full gradient optimized molecular geometries o
(22) at the 6-311+ G* level with the Gaussian 94 programye and NMF surrounded by the dielectric medium were us
(23). For the free molecules also, the correlated second-orglerthese calculations. Thab initio optimizations were per-
LORG method SOLO 24) has been used with the RPACtormed at the SCF level using the same basis sets of dou

program 9) interfaced to the GAMESS prograr@). zeta plus polarization quality27) as for the hydration com-
The shielding constants for the free molecules of NMF anglayes.

MF were calculated using full gradient optimized MP2/6-31G*
molecular geometries. The hydration shifts were calculated
using full gradient optimized structures for the complexes
NMF + (H,0), and MF+ (H,0),. Theab initio optimizations
have been performed at the SCF level for basis sets of dou
zeta plus polarization quality2f). These basis sets were con- Several linear equations including different sets of tern
structed as 3,1 contractions of the shared-exponent valefrcen Eq. [1] have been applied to the analysis of the comple
basis sets of Steveret al. (28). The H basis was the scaledset of 16 experimental carbonyl oxygen chemical shiftof
Dunning DZ basisZ9). The exponents used with polarizatiorMF as well as to some subsets from this. Least-squares-fit
functions werex,(H) = 1.0, a4(O) = 0.80,a4(N) = 0.77, and estimates for the MF parameters from the corresponding |
a,(C) = 0.75. In all calculations, theslcore electrons of are given in Table 4. Differencek between calculated and-ex
carbon, nitrogen, and oxygen were replaced by compact effeerimental chemical shifts for eachifiare reported in Table 2.
tive potentials CEP 28), which results in a decrease in the Although in our case the general Eqg. [1] with five term

RESULTS AND DISCUSSION

&%rbonyl Oxygen
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TABLE 4
Least-Squared-Fitted MF Parameters for Eq. [1] from a Series of Fits of Carbonyl Oxygen Chemical Shifts &7 (ppm)

Values for the following fits

1 2 3 4 5 6

Parameter

S8 370.3+ 1.0 371.3+ 0.5 373.0+= 0.4 370.5+ 0.5 3725+ 1.1 372.5+ 0.6

) — — — — — —

s° -89+21 —-6.3+1.1 -9.6+0.8 -5.9+0.9 —-124+2.0 -9.0x+14

sd° — — — — —-10.7+ 3.6 —-6.9+27

a‘ —-15.0+ 1.5 —-17.4+0.9 —-16.9+ 0.5 -17.1+ 0.7 —-123*x 1.4 —-15.2+ 1.1

b® 58+ 2.6 — — — 41+ 2.1 —
Statistic$

e 2.5 1.7 0.9 1.3 1.8 1.3

p 0.983 0.993 0.998 0.996 0.991 0.996

n 16 14 11 11 16 14

m 4 3 3 3 5 4

* Root-mean-squared deviatiom)( correlation coefficientd), number of data pointsnj, and number of parameters.

would be reduced to Eq. [3] with three terms, an initial fit 1 wagroup of solvents contrary to the experimental behavior. A
performed to an equation with four terms: the three terms farnatively, the discussed shortcoming could be attributed to
Eq. [3] and the ternb”By from Eq. [1]. This term was added anomalous behavior of solvents-3 or of solvents4-6. In
to Eq. [3] in order to check whether a negligible value isrder to elucidate this question, two additional fits to Eq. [?
obtained forb® according to the fact that MF is an HBA basewere performed excluding solverits3 from the data set in fit
The statistical quality of correlation for fit 1 can be considere8land excluding solven#-6 in fit 4. The smaller value af for
satisfactory (see Table 4) for a MLRA using the KAT paramifit 3, 0.9 ppm, than for fit 4, 1.3 ppm, suggests an anomalo
eters, but the resulting value of 528 2.6 ppm for the param- behavior of perfluorinated solvents. This suggestion is al
eterb® (see Table 4) is not negligible. When the telriiB, is  supported by the fact that the average of diedeviations for
not added to Eq. [3] the statistical quality of correlation for theolvents1-3 in fit 4 is positive,+0.7 ppm, as it is in fit 2. In
fit decreases slightly: the correlation coefficigndecreases this context it is interesting to note that studies of solvatochr
from 0.983 to 0.975 and the root-mean-squared deviationmic indicators in perfluorinated solvent34, 35 showed that
increases from 2.5 to 3.0 ppm. The changegins related =* values for these materials are significantly indicator-depe
mainly to the increase of the deviatiodg between the caleu dent.
lated and the experimenta(*'O.) chemical shifts for 2-pro The results from the fits 2 to 4 relative to the perfluorinate
panol,12,and methanoll3, solvents which goes from, respec-solventsl-3 suggest that for polyfluorinated solvents, like fo
tively, —0.9 and—5.2 ppm in fit 1 up to—4.7 and—7.0 ppm polychlorinated solvents, the polarizability correction terr
in the fit to Eq. [3]. A fit to the same equation as fit 1, butl*8, of Eq. [1] should be retained in the fits. The statisticz
excluding these two alcohols from the data set, improves theality of correlation for the corresponding fit 5 to Eq. [1]
statistical quality of correlationp(= 0.993; ¢ = 1.7) and including the five terms and taking}, = 0.5 for the polyflu
provides a negligible value of 1.+ 2.8 ppm forb®. Taking orinated solventd, 2, 3, 15,and 16 and 6, = 0.0 for the
into account these results, the alcoh&B and 13 were ex- remaining solvents, is better than that for fit 1 where the ter
cluded from the data set in the following fits except in fit 5.d*8, was excluded from Eq. [1]. However, the resulting valu
A good statistical quality of correlation is obtained for fit 22f —10.7 = 3.6 for the parametes‘d® is clearly too large in
to Eq. [3], excluding the alcohotk2 and13 from the data set. comparison with the value of 2.5 1.1 ppm found in amides
However, there is a shortcoming in the resultitfigdeviations (4). When the ternb”g, is excluded from Eq. [1] the magni
between calculated and experimental values given in Tablet@de of deviationgd, for alcohols12 and 13 increase up to
the average of thd? deviations is+1.8 ppm for the perfu —2.4 and—4.7, respectively. When these two alcohols at
orinated solventd—3 and—2.1 ppm for the hydrocarbors6. excluded from the data set the results of fit 6 are obtained. T
The difference of ca. 4 ppm between these two figures risagnitude of thes°d® parameter decreases+®.9 = 2.7 ppm
excessive since the only solvent effect operative in this casebi#t this figure seems still to be by far too large. Comparison
described by the terra*#%. The values of ther* parameter the results in Tables 2 and 4 for fit 6 with those for fit 3 show
for solvents1-3 are negative and larger in magnitude thathat both fits are near equivalents. When the alcoh®knd13
those for solventd—6; see Table 1. Accordingly, the calculatedare excluded from the data set, the results obtained by inclt
8(*'0) chemical shifts are larger for the first than for the secoridg the termd”*8, into the equation, fit 6, are close to thost
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TABLE 5 tion termd*8,, for polyfluorinated solvents seems to be unne
Least-Squared-Fitted MF Parameters for Eq. [1] from a Series  essary in the case of tfé§ chemical shifts of MF. The fit of the
of Fits of Dicoordinated Oxygen Chemical Shifts &7 (ppm) complete data set to Eq. [1] provides small values-df1 +

1.5 for s°d® and of 0.7+ 0.9 for b®. When the termb®g, is

Values for the following fits excluded from Eq. [1] a value of 0.Z 1.4 results fors°d®.

1 2 3 4
Comparison of Results for MF and Amides
Parameter ) ) ) ) ) )
8k 139.6+ 0.3 1395+ 0.3  140.0+ 0.4  139.2+ 0.3 The first point to be considered is the relationship betwe
85 — — — — the solute parameters in Eq. [1] for th€'O.) chemical shifts
Szde 5.0=07 48+05 38+08 50+05 and the respective solvatochromic parametetsand 3 for
S - - - - HE
a® 25+ 05 262 0.4 27+ 04 27+ 04 these same solutes. Both sets of parameters are only avail;
be —05+08 _ _ _ for MF, DMF, and DMA. The solvatochromic parameters fo
Statistic$ these molecules are given in Table 1. The least-squares-fit
o 0.81 0.82 0.80 0.77 solute parameters for Eq. [1] are compiled in Table 6 for t
P 0.978 0.977 0.967 0983  §(*0,) chemical shifts of MF and NMF, as well as for the
21 12 1,? 133 l:f 8(*'0.) chemical shifts of MF, together with the correspondin

values of the chemical shifts for the free moleculss,and for
2 Root-mean-squared deviation)( correlation coefficientg), number of Solutions in Cyclohexaneﬁém and Water18|>-|<20-

data points 1f), and number of parameters. In principle, the larger the HBA basicity as solvent of :
substance is, i.e., largg value, the larger the sensitivity of
this substance to solvent acidity is, i.e., largevalues. Ac-

obtained without this term but excluding the perfluorinatecordingly, the magnitude of tha® values for MF, —16.9,

solventsl-3 from the data set, fit 3. Anyway, these solvents aleMF, —42.0, and DMA,—47.5, increases with the respective

not useful for estimating the chemical shifi§of the isolated values ofg for these substances: 0.37, 0.69, and 0.76. Ho

molecule of MF despite the fact that their negativevalues ever, the sensitivita® of the §(*'O,) chemical shifts to solvent

are closest to that of the gas phase. Differences between dldlity is not proportional to the solute HBA basicigy The

values of the paramete®y,, s°, anda‘ for fits 3 and 6 are magnitude of the ratia“/g of —46 for MF, —61 for DMF, and

small but we prefer to use hereafter the results for fit 3, which63 for DMA seems to increase wifh On the other hand, the

seem to be more physically meaningful. sensitivity s® of the 8(*'O.) chemical shifts to solvent dipolar
ity/polarizability seems to increase with the soluté value,
Dicoordinated Oxygen but the s° values for MF, —9.6, DMA, —21.9, and DMF,

The solvent effects upon the dicoordinated oxygen chemicﬁgé'g' a(;eon;é p_lr_(r)]portlonal o tg_e resp_efctn:tevalule; 3f60.55(’1
shifts 8y of MF are much smaller and opposite in direction thap:~~’ andv.co. 1he corresponding ra are 1o, £, an

for the carbonyl oxygen chemical shifés. While the range of =. The small diffe_zrecznce between the valugs of th_e r;i‘_lim*,
5¢ values in Table 2 is of 41.3 ppm, from 373.98 to 332.6 nd also of the ratia®/B, for DMF and DMA is not significant.

e : : he elucidation of the functional relationships betwaémnd
m, the range oby values in Table 3 is of 12.6 ppm, from . " .
526 70 to 143 26 pr\r/n Hest ! PP B and betweers® and #* requires additional studies of the

The initial fit 1 to Eq. [3] enlarged with the terh®B,

provides a negligible value of 05 0.8 ppm for the parameter TABLE 6
b®. When the ternb®g8y is not added to Eq. [3], fit 2, the results

; By TP a. [3] : Least-Squared-Fitted Solute Parameter (s, a, b) from Fits to Eq.
barely differ from those for fit 1; see Tables 5 and 3. As in thﬁ] of 5("0,), in NMF and MF, and of 8("0,), in MF: Chemical
case of the Carbpnyl oxygen, ftkié de\_/latlon_s bet_""ee” caleu Shifts (ppm) for Free Molecules (83) and for Solutions in Cyclo-
lated and experimental chemical shifts, given in Table 3, agg, - (8%.,) and Water (8,)
positive for perfluorinated solvents-3 and negative for hy- :

drocarbonsA-6 with average values of0.5 and—0.8 ppm, 5(*'0,) in NMF 8(Y0,) in MF 5(*0,) in MF
respectively. When the hydrocarbons are excluded from the

data set, fit 3, the statistical quality of correlation is slightly Fit Exp. Fit 3 Exp. Fit 2 Exp.
worse than when the perfluorinated solvents are excluded frgm 219 . 96 . 48 -
the data set, fit 4; see Tables 5 and 3. Since the differenges —42.0 _ ~16.9 _ 26 _
between the values of parametéfg, b®, anda® for fits 2 and b -9.4 — — — — —

4 are small, we prefer to use hereafter the results of fit 2 for tﬁg@ 376.3 - 384.8 — 133.6 —
complete data set. 8% 349.4 — 373.0 3735 139.5 140.3

. o . R 8% 274.6 272.4 342.8 342.6 147.7 146.8
The inclusion into the equations of a polarizability correc="2°
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TABLE 7
Shieldings oy (ppm) for the Carbonyl (X = ¢) and Dicoordinated (X = &) Oxygens of NMF and MF, Calculated at the GIAO (M =
G) and SOLO (M = S) Levels®: Relative Energies AE (kcal/mol) Calculated for Three Orientations of Methyl Groups”

NMF MF
d° o6 o3 AE s o3 o6 e AE
0° —67.6 —-77.3 0.00 —-98.9 —100.6 173.2 163.9 1.09
90° —-77.3 —87.7 0.02 —106.6 —109.3 169.6 159.7 0.57
180° —84.5 —94.6 0.08 —-112.7 —-116.3 166.5 155.9 0.00
Averagé —76.4 —86.5 —109.1 —-112.1 168.3 158.1

®The 6-311+ G** basis set was used with optimized MP2/6-31G* molecular geometries.
® An angle¢ = H-C-X—C, with X = N for NMF andX = O for MF, defines the methyl group orientation.
¢ Average value weighted with the displayed energiés

solvent effects od(*’O,) chemical shifts of adequately choserand NMF: o(*'O) shieldings of the free molecules, hydratiot
solutes. shifts, and solvent reaction field shifts.

The second point to be considered is the reliability of the The o(*’O) shielding constants of MF, like that of NMF
empirically estimate@; chemical shifts for free molecules and(36, 37, show a large variation with the conformation of the
the differencesd; — §; between them. These estimates ammethyl group. The calculated values for both molecules wi
important for comparison with results ab initio calculations three different orientations of the methyl group appear in Tak
of §(*'0) chemical shifts. Thé; are estimated by means of Eq7. The 6-311+ G** basis set was used at the noncorrelate
[2] where the value to be used faf; is under dispute?). On  GIAO (22) and at the correlated SOLQ4) levels. The dif-
the other hand, the anomalous behavior of perfluorinated sfdrenceoy, — of; between the two average oxygen shielding
vents in the case of th&*'O.) chemical shifts of MF questions of MF calculated at the GIAO level, 277.4 ppm, is larger tha
the fitness of Eq. [2]. Studies of solvent effects u§fO) that calculated at the SOLO level, 270.2 ppm. The decrease
chemical shifts for molecules measured in gas phase andfe calculated difference of 7.2 ppm from electron correlatic
accurateab initio calculations of§(*'0) can elucidate this effects is too small for bringing off the SOLO figure in agree
problem. The difference8; — 8, between the5(*'0) chem ment with the corresponding empirically estimated differen
ical shifts for free molecules can be empirically estimated ad§ — 85 of chemical shifts for the free molecule, 251.2 ppn
theoretically calculated more accurately than &evalues. In The agreement is still worse for the differendg, — 8¢, of
the case of the amides NMF, NMA, DMF, and DMA thechemical shifts measured in cyclohexane solution, 233.5 pp
values ofs® to be used in Eq. [2] is the same21.9, for all four  On the other hand, the difference between the average carbc
molecules. Therefore, the estimated differen8gs— 8; for oxygen shieldings?, of NMF and MF calculated at the GIAO
the free amide molecules are the same as the differéiices |evel, 32.7 ppm, is larger than that calculated at the SOL
8w measured in cyclohexane solution. However, when-conevel, 25.6 ppm. The decrease in the calculated difference
Dagbf:g data for MF and NMF, the estimated differe®68™ — 7.1 ppm from electron correlation effects brings the calculat

¢ in gas phase, 8.5 ppm, is 15.1 ppm smaller than tig0LO value in good agreement with the corresponding diffe
measured differencézi” — 8" in cyclohexane solution, encesgl® — 85F of carbonyl oxygen chemical shifts mea

23.6 ppm. The reason for this disagreement is the differegifred in cyclohexane solution, 23.6 ppm. However, this agre

values ofs* for MF, —9.6, and NMF,—~21.9. The true value for ment seems to be fortuitous and does not prove that |

""" — 8¢""" is probably between 8.5 and 23.6 ppm. Likewis@mpirical estimates of chemical shifi§ for the free molecules

the est|mated differenc&; — &; for MF, 251.2 ppm, is 17.7 py using Eq. [2] are unreliable since the estimated differen
ppm larger than the measured differede — 8¢., 233.5 ppm, §giF — 5¢\VF 8.5 ppm, differs only by 17.1 ppm from the

because the different values &f —9.6 and ofs®, 4.8. corresponding calculated SOLO value, while the measur
differencedgy, — 8¢ for MF differs by 36.7 ppm. Therefore, in
Calculations of’O Shielding Constants order to get significative results, thab initio calculation

should be improved to bring the calculated difference of shiel

Reliableab initio calculations ofo(*'O) shielding constants ings oy, — oy, for MF (270.2 ppm at the SOLO level with the
could contribute to the clarification of some of the difficultie$-311+ G** basis set) in good agreement with the empiricall
found in the previous analysis of tl&''O) chemical shifts of estimated differencé; — &5 for the free molecule, 251.2 ppm.
MF by using linear solvation shift relationships. With this aimThese expensive improvements require not only the use
three kinds of such calculations have been performed for Mé&rger basis sets, higher electron correlation levels, and be
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a b ied in this work reproduce the empirical trends. The fact th
H the hydration shift calculated for the carbonyl oxygen of NM
\o " is close to the empirical value while the magnitude of th:
/ H calculated for the carbonyl oxygen of MF is larger than th
H ? magnitude of the empirical value is likely to be related to th
i H fact that the interaction energy for the NMF (H,0), com
| /H ------------- o'\\ /CH3 NHCH,8 plex, —16.2 kcal/mol, is Ifrger in magnitude than thaj[ for th
He— G : 4 MF + (H,0O), complex, —12.0 kcal/mol. The modeling of
/ \ : \ complete hydration of NMF and MF via statistical mechanic:
; methods could clarify this supposition. Statistical mechanic
_ H computer simulations of diluted aqueous solution could |
o1 s | performed from expressions describing the dependence of
H/O VI 8(*'0) chemical shifts of NMF and MF with the orientation anc
H distance of an KD molecule since the nonadditivity for the
FIG. 2. (a) Drawing of the NMF+ (H,0), system with four in-plane calculated chemical shifts given in Table 8 of complexes wi
water molecules; (b) drawing of the NMF (H,0), system with two out-of- tWO, three, and four molecules of water are not too severe. T
plane water molecules. corresponding figures ar€5.7, +0.3, and—2.2 ppm for the
carbonyl oxygen of NMF+4.7, —4.1, and—3.8 ppm for the

molecular equilibrium geometries but also the calculation §Rronyl oxygen of MF, and 0.6;0.1, and+0.2 ppm for the

rovibrational and large amplitude out-plane deformation coficoordinated oxygen of MF. On the other hand, when the toi

rections. interaction energieAE of complexes with two, three, and four
Previous studies of hydration in amides 27, 38—4%sup- Water molecules in Table 8 are calculated as the sum of |

port the conclusion that the first hydration shell of the carbonijiteraction energies for all the dimers, the nonadditivity dev

oxygen includes four solvent water molecules: two in-plane

(moleculed andll in Fig. 2a) and two out-of-plane (molecules

V and VI in Fig. 2b). Accordingly, thes(*’O) shielding con TABLE 8

stants for the corresponding MF (H,0), and NMF+ (H,0), Hydration Shifts 8W* (ppm) for the Carbonyl (X = c) and

complexes were calculated at the GIAO level using tHgicoordinated (X = e) Oxygens of NMF and MF, Calculated at

6-311 + G** basis set. The calculated hydration chemiczﬂ‘e GIAO Level?; Interaction _Energl_esb AE £kcal/mol); Contribu-

shifts SW* for these complexes and for others, obtained frofiPns (" PPm) to the Hydration Shifts (sao, s@*, ac, bp) from

them after eliminating some water molecules, are given fgrms in Egs. [1] and [2]

Table 8. In this table also appears the empirically estimated NMF MF
hydration shiftsd;,, — 83 of NMF and MF together with the
corresponding contributions from solvent dipolarity/polariz- aW* AE awe o awe AE

ability (sm% and s7},,0), HBD acidity (@a,o), and HBA 3}
basicity 0B4,0)- In the case of the NMF there is another watevrv‘;"ter position$

- _ ; -294  —64 —249 1.0 =50
molecule in the first hydration shell hydrogen bonded to they —321 -69 -258 81  -57
N—H proton (moleculelll in Fig. 2a), which changes the v —-15.2 -3.7 -108 39 -24
carbonyl oxygen hydration shift by 15.6 ppm. In the second | +1I —-57.2  -125 -479 91 -101
hydration shell there is a water molecule to be considetpd (' ! +V ~670  —144 =554 129 ~113
leculelV in Fig. 2a), which changes the hydration shiftby | + ! +V * V! 806 ~162 —624 167 —120
(mo g. J : ‘ 9 Yy y Largest complexds  —102.4 — -64.7 17.6 —
—6.2 ppm. The total hydration shift calculated for the NMF  gmpirical values
(H,0)s complex,—102.4 ppm, is close to the empirical value &},,-55 -101.7 — —42.0 142 —
of —101.7 ppm. In the case of the MF there are only four waterSW} —26.9 - —-118 5.9 —
molecules in the first hydration shell and the water moletle ~ S™+zo -89 —  ~105 52—
in the second hydration shell changes the carbonyl oxyger .= 492 - o8l —
in y g yl OXygeng -17 — 00 00 —

hydration shift by only—2.3 ppm and the dicoordinated oxy
gen hydration shift by+0.9 ppm. For the MF+ (H,O)s “The 6-311+ G** basis set was used with structures optimized as ds
complex, the magnitude of the total hydration shift calculatesgribed under Experimental. _

for the carbonyl oxygen;-64.7 ppm, is Iarger than the empir— ® Energy of complex minus sum of energies for free molecules.

. _ . . ¢ See Fig. 2 for water positions in the complex.
ical value of—42.0 ppm. That calculated for the dicoordinated « Complex NMF+ (H,0), with water molecules in positioris+ Il + 1ll +

oxygen, 17.6 ppm, is close to the empirical one, 14.2 ppm. TR + v + VI and complex MF+ (H,O)s with water molecules in positions
total hydration shifts calculated for the largest complexes stud+ Il + IV + V + VL.
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ations amount, respectively, t60.1, —1.0, and—1.6 kcal/mol amides than for MF could be due to the larger values of tl
for NMF and 0.0,—0.7, and—1.7 kcal/mol for MF. parametersm* and B for amides and/or to the use of two
The solvent reaction field shift8*(€) — §; calculated at different sets of solvents.
the GIAO level using the 6-31% G** basis set show qua- The results ofab initio calculations of oxygen chemical
dratic dependences on the dielectric cons@ffinctionp(€), shifts by the electron correlated SOLO method at the 6-811
G** level using MP2/6-31G* optimized molecular geometrie:
d(e)=(e —1I(2e + 1), [6] of MFand NMF do not clarify the question about the reliabilit
of the chemical shifts for the isolated molecules obtained fro
Eq. [2]. Expensive improvement in theb initio calculations
seems to be necessary in order to get conclusive results. On
SNV € ) — BENVF_ 50 74( € ) — 12.66(€ ), [7] other hand, the hydration shifts calculated for the NMF
0 ' ' ' (H,0)s and MF + (H,O)s complexes by the noncorrelatec
§°MF(E) — 85MF = —35.9p(€) — 12.9p( )2, [8] GIAO method with the 6-31} G** basis set reproduce the
empirical trends. However, the carbonyl oxygen hydration sh
M E) — 85" =T7.6¢(€) + 4.30(€)2 [9] calculated for MF,—64.7 ppm, is larger than the empirica
value, —42.0 ppm, suggesting the usefulness of performir
The linear term is the main term in these equations. Tlseatistical mechanics computer simulations for hydration shif
coefficients of the linear terms;-60.7,—35.9, and 7.6) follow
the same trends that the corresponding coefficisnté the ACKNOWLEDGMENTS
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