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Substituent effects fofJ(F,F) couplings in aliphatic and olefinic gfnoieties and®J(F,F) couplings in
fluorinated derivatives of ethylene were studied using both high level ab initio and DFT/B3LYP calculations.
Where possible, J variations have been compared with experimental values. In general, the SOPPA (second-
order polarization propagator approximation) methodology matches absolute experimental values reasonably
well, whereas the DFT/B3LYP approach performs poorly in descriBit{§,F) couplings. Fortunately,
substituent effects for DFT J couplings are notably better reproduced. For a vinyh@Ety, the accurate
prediction of2J(F,F) couplings is a challenging task even for high level ab initio methods such as SOPPA
and SOPPA(CCSD) (second-order polarization propagator approximation with coupled cluster singles and
doubles amplitudes). Aliphati€](F,F) couplings are very sensitive to the electronegativity of substituents
placeda to the CF, group. The latter J perturbations are dominated largely by the noncontact PSO and SD
Ramsey contributions, whereas the influence of the FC term is rather small. Substituent effel{fs,n
and3J(F,F) couplings in fluorinated derivatives of ethylene are also dominated by non-Fermi contributions.
Because DFT/B3LYP strongly underestimates the FC contribution, but generally assesses the non-Fermi terms
similar to SOPPA, the latter accounts for DFT’s ability to predict substituent effects reasonably well.

Introduction SCHEME 1: la: 2-(CF3)2;3-F24-F,H; 1b: 2-(CF3);3-Fy;
4-F,Cl; 1c: 2-(CF3)2;3-F2;4-ClLH; 1d: 2-(CF3)2;3-F,H;4-

Observation of structurally informative trans-hydrogen bond Fy, 1e: 2-(CF):3-Cl.F:4-Fp; 1f: 2-(CFa)53-Cl.H:4-F»

couplings between pairs of nucleic acids proteing and in

protein—nucleotide complexesduring the past few years has 5S¢
dramatically increased interest in NMR spectroscopy. Two \
concomitant factors have contributed to the situation: new 5C—C 0o
experimental techniques appearing at an unexpected pace and / 2 /
a surprising increase in computational resources affecting both 3 4

C

. . C
hardware and software. In this environment, a strong renewed

interest in theoretical aspects of both magnetic shielding , . . .
constants and spirspin coupling constarttdias surfaced. With flgorm_e has been incorporated into alpha-helitpmteins; an_d
respect to the latter, this interest includes studies which offer b|(_)act|ve_small moleculéS as NMR prol_)es f_or aggregation,
insight into the underlying interaction and transmission mech- mlcroenvwonm'ental.structurt.a, and binding site interactions.
anisms. Scalar couplings are a composite of four Ramsey J(9F !9F) spin-spin coupling constants (hereafter J(F,F))
terms: Fermi contact (FC), spin dipolar (SD), paramagnetic present some peculiarities which ma_ke them more dlfflc_ult to
spin—orbit (PSO), and diamagnetic spiorbit (DSO). Experi- rationalize thap other types of couplmgs. For instance, it has
mentally, only total scalar couplings are amenable to measure-”_o'ﬁ been po§S|bIe to establish an em_pmcal correlation between
ment. The importance of each contribution can only be assessed/iinal couplings and the corresponding dihedral angle, a trend
by either high level calculations or indirect criteria. In many that was thought to be due to dominant substituent effécts.
cases it is assumed that the couplings are strongly dominatedSimilarly, substituent effects ogeminalcouplings are known

by the Fermi contact term. However, recent calculations show {0 be large and unpredictable. In general, two-bond couplings
that for both saturated and unsaturated compounds scala(®J(F.F)) in aliphatic CE groups range from 200 to 350 Hz,
couplings involving fluorine nuclei are dominated by noncontact Whereas the olefinic values (C€3p,) run from 10 to 100 Hz.

contributions®~7 It should also be noted that in recent years SOME conspicuous outliers are also known. For example, the
CR; at C-4 in oxetand is reported to showJ(F,F) as low as

* To whom correspondence should be addressed. 83 Hz, whereas the corresponding couplings at C-3 are found
IUniversity of Buenos Aires. to be larger than 200 HZ This suggests that an oxygen atom

. giocréhfn?\féf;ﬂ University. placeda to the carbon of the GFmoiety results in a very large

I Emory Univer;;y_ and negative substituen_t effect. An outlier in the G)Bpclass

U University of Copenhagen. is tetrafluoroethylene witRJ(F,F)= 121.8 Hz (Scheme .
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Based on DFT calculations, it has recently been shown that theTABLE 1: Comparison of SOPPA and DFT/B3LYP

dihedral angle dependence fd¢F,F) couplings is unusual, since ~ calculated 2J(F,F) Couplings for Fluorinated Derivatives of
noncontact contributions follow separate torsion angle depend-meﬁgane' MCSCF Values for CRH; and CFsH from ref 38
encest* For F—CH,—CH,—F, it appears that the fluorine lone

electron pairs contribute a very important negative contribution method DSO PSO  SD FC  total
to the Fermi contact (FC) term for the trans conformation. As CRHz* SOPPA  —-11 1344 737 1114 3184
a result, the graphed dihedral angle dependence of the total DFT -11 1526 892 518 20925

3J(F,F) coupling appears quite different from that of standard CRHOHa gggg;b :(1)'% —11362? 475?'55 1114??'4? 13216'62

Karplus curve¥ representing, for exampléJ(H,H), 2J(C,H), DET —0.7 -237 526 536 818
3J(N,H), 3J(F,H), and3J(C,C) couplingd® In fluorinated py- CFsHa SOPPA —0.9 -—13.1 416 96.6 1242
ridines, DFT/B3LYP calculatedJ(F,F) 6 = 3—7) couplings DFT -09 -224 476 339 582
in very good agreement with experimental values were found MCsCF  -0.8 -—134 407 1259 1524

t . t tributi f tact t g CRHLi¢ SOPPA —-04 168.9 104.2 1240 396.6
0 comprise strong contributions from nooontact terms. DFT —0.4 194.1 127.8 498 371.3

Another unusual feature of J(F,F) couplings is that in many cases

; ; ; aBasis set: aug-cc-pVTZ292for all atoms: F and C (15s6p3d1f/
such interactions have been reported to be dominated by a9$5p3d1f), H (10s3p1d/6s3pla)alues taken from ref 38, HEH 52

through-_space meChan'_S%A_Cco,rd'ng to recent studiés;? basis set (11s7p2d/7s6pld) for C and F and (6s2p/4s2p) for H. Active
substantial paramagnetic spiorbital (PSO) terms may well space:2l°RAS2L with single and doubles excitation from RAS 2 to
contribute to such through-space couplings in certain instances.RAS 3.¢ Values taken from ref 38. Hitt52basis set (11s7p2d/7s6pld)
These considerations suggest that the behavi@l(BfF) and ~ for C and F and (6s2p/4s2p) for H. Active spadtRAS}; ., with
3J(F,F) couplings, both in saturated and unsaturated compounds,smgle and 1dac;ubles excitation from RAS 2 to RAS'Rasis set: aug-
may be governed by substituent effects acting selectively on ;C'EVZT Zl'g 5 élizﬁpe’ddl‘zgsflpssd12f)d;?;4':3""g%§ and cc-pVT Ior
the four different Ramsey terms (FC, SD, PSO, and DSO). (5s2pldi3s2pld) and Li (11s5p s3p2d1f).
To test this hypothesis, we have applied the second-order
polarization propagator approximation (SOPPAJ2 and DFT/
B3LYP7:23 theory to calculation of the four terms of scalar
2J(F,F) coupling in a set of model compounds incorporating
FC(sp)F and FC(sf)F moieties. Total coupling trends are com-
pared with experimental values for 1,1-vinyl-difluorides and
derivatives of oxetang. Similar calculations have been carried

couplings (For each particular case see Table footnotes). For
all other atoms, the cc-pVTZ and/or cc-pVEbasis sets were
employed.

DFT/B3LYP CalculationsDFT/B3LYP coupling constant
calculations were carried out with a modified version of the
Gaussian 98 prograthfollowing the theoretical scheme de-

- . A scribed previously.It has since been observed that the aug-
out for the_3J(F,F) coupling components in a few di-, tri-, and cc-pVTZF-)J basis gerforms remarkably well in conjunction Wit?l
tetra-fluorinated ethylenes. DFT calculations, in the sense that it yields spapin couplings

It is known that DFT-based approaches to calculating values close to the converged limit of the basis3édthe FC
coupling constants fail for some couplings involving at least and PSO terms were obtained within the coupled perturbed
one F aton?* Thus, results obtained at both the SOPPA and framework, whereas the SD term was evaluated by means of
DFT/B3LYP levels should provide an idea of how the latter finite perturbation theor§® PSO and the DSO integrals were
protocol performs for short range J(F,F) couplings by contrast obtained from the Dalton prografh.For an even-handed
with an inherently superior method. Such comparisons are comparison, in all cases, DFT and SOPPA J coupling calcula-
important because high level ab initio J-calculations are pro- tions were carried out with the same basis sets.
hibitively expensive for polyatomic compounds. Therefore, if  Following ideas developed previously for the dissection of
DFT-calculated?J(F,F) anc®J(F,F) couplings can be shown to  the FC term into natural localized molecular orbitals (NLM®©),
describe the important trends semiquantitatively, then such anwe make use of the related decomposition of the PSO term into
approach would be an adequate alternative for studying mediumLMO contributions by transforming the first-order density matrix
to large molecular weight polyatomic structures. and the matrix elements of the PSO Hamiltonian from atomic

Methods of Calculation. Geometry OptimizationsAll orbitals to localized molecular orbitals. As in the previous
geometry optimizations were performed with the Gaussian 98 work,3 the NLMO were obtained from natural bond orbital
package of programdsat the MP2/cc-pVTZ level using very  (NBO) analysig’ as implemented in the Gaussian 98 suite of
tight optimization. programs.

SOPPA CalculationsThe SOPPA methd@?12%is based on
second-order MgllerPlesset perturbation (MP2) thedi¥ac-
counting for electron correlation effects through second order  cr,xH Model Compounds. To obtain insight into the large
in the fluctuation potential. Replacement of the MP2 correlation gifferences observed fotJ(F,F) couplings at different ring
coefficient in the SOPPA equations with the coupled cluster positions in oxetanes,!2 difluoromethane and difluorometha-
single and double (CCSD) amplitudes yields the SOPPA(CCSD) nol were taken as model compounds to evaluate the effect on
schemé&??’In the present work, SOPPA and SOPPA(CCSD) 2j(F,F) of an oxygen atom placedto the C atom of the FCF
calculations were performed with a local version of the Dalton moiety. These acyclic and unstrained structures are small enough
1.2 program packag®.Locally dense basis sets (LDBS§° to allow a comparison between the DFT calculated values and
were employed in order to keep the basis set size within the those obtained with the high level ab initio SOPPA approach.
current limitations of the SOPPA implementation in the The corresponding SOPPA and DFT/B3LYP values for all four
program. The aug-cc-pVTZ%}32basis sets, which ensure the scalar coupling terms are compiled in Table 1, together with
cusp behavior of the wave function and consequently a very those for CEH and CFELiH. The latter structures add an
good description of the FC term [ref 31 and references cited additional electronegative fluorine and the electropositive lithium
therein] were used for atoms considered important for defining cation, respectively. When comparing SOPPA and DFT/B3LYP
the coupling pathway for nuclei involved in the calculated 2J(F,F) couplings for CfH, and CRHOH, it is observed that

Results and Discussion
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TABLE 2: Comparison of Calculated Substituent Effects,
A(X), on 2J(F,F) Couplings in Monosubstituted Derivatives
of Difluoromethane, CFXH,2 in Hz

Barone et al.

TABLE 4: DFT/B3LYP —NJC? Dissection of the PSO Term
into NLMO Contributions for J(F 3,Fz) and J(F4,Fs)
Couplings in 2,2,3,3-Tetrafluorooxetane (2) in Hz

subs. method  DSO PSO SD FC total contribution J(B,Fs) J(Fx,Fs)
A(F) SOPPA 0.2 —1475 -32.1 -148 —194.2 3(C—C) 10.8 4.2
DFT 02 —1750 -416 -179 -—2343 2 (C-0) 0.59 2.6

MCSCP 0.3 —146.2 -33.8 —14.1 -—193.8 2 (C—H) -21 0.06

A(OH) SOPPA 0.3 -—151.0 -28.2 20 -176.9 2 (C-F)° —13.4 —30.4
DFT 04 —176.3 -—36.6 1.8 -210.7 2 (C—Fy)* —0.16 —-0.19

A(Li)  SOPPA 0.7 34.5 30.5 12.6 78.2 2 (Core) 0.72 0.84
DFT 0.7 415 386 —20 80.8 > (LP(0)) —-0.01 -7.4

R S (LP(R))P 59.4 —30.8
Derived from Table 1° Values taken from ref 38. S (LP(F))° —0.89 —0.47
total 54.89 —61.49

TABLE 3: DFT/B3LYP 2 Values Predicted for J(Fz,Fz7) and
J(F4,Fs7) in 2,2,3,3-Tetrafluorooxetane (2) in Hz 2The aug-cc-pVTZ-J basis set was used on all atdrfs. coupled

nuclei.¢ F: not coupled nuclei.

DSO PSO SD FC total exp.
jg??; *8-2 gfé’ 22-33 355? 1;‘83-3 29261 Zgg Zgg candidate for dissecting the PSO terms 3{Fy,Fs) and
4. Fe) —0.3 —61. . : : 2)(Fy Fy) i i [
A 0.0 —116.4 —16.0 199 —115.3 —125 —120 —119 J(Fs,Fs) into localized molecular orbitals (LMOs) to probe

the underlying cause of the sign differences in Table 3.

To obtain a qualitative description of factors affecting the
PSO term, it should be recalled that the perturbative Hamiltonian
corresponding to the PSO interaction can be written as

aThe aug-cc-pVTZ-J basis set was used on all atériiaken from
ref 2.¢In 1a 9In 1b. ¢In 1c. fIn 1d. 9In 1e "In 1f.

both methods yield similar overall total coupling trends.

Agreement with respect to Ramsey term partitioning, however, whitg (Fea X V)
is not satisfying. Of particular note, the large differences between Hpso= _Z yAl Z— 1)
the FC term from the two approaches account for most of the 27i rkAS

discrepancy in the total values. In all three cases, substituent

effects on?J(F,F) (Table 2) are dominated strongly by the SUm 4,4 the PSO term is obtained through second-order perturbation
of the noncontact PSO and SD contributions, the former being theory. Without committing oneself to any particular ap-

much more important than the latter. A substituent effect so yroximation, a qualitative description of certain factors affecting
decisively dominated by f[he .PSO term is a rather unexpectedihe PSO term can be obtained by referring to the coupled
result, one worth examining in detail. Two compound classes artree-Fock perturbative approach. Within this methodology,
are evaluated below. the PSO term can be split into a sum of terms, each depending
In Tables 1 and 2, MCSCHB(F,F) coupling calculations for  on two occupied and two vacant LMOs. Because the Hamil-
CRH; and CEH taken from the current literatufeare also  tonian of eq 1 involves the rotation operatara(x Vi), such
included. When they are compared with the SOPPA values contributions will be significant when there is substantial overlap
obtained in the present work, very good agreement for the PSOpetween an occupied LMO rotated by°%nd a vacant LMO
and SD terms is noted, whereas a rather important differencelocalized at the site of a chemical bond. The energy gap between
for the FC term is evident. It may well be that the FC MCSCF  these two orbitals is also important for defining the magnitude
calculation is not optimal with respect to the basis set for the of such contributions. However, we note that the present NJC
chosen active space. However, if such a discrepancy operatesgdissection analysis explicitly considers only the occupied LMOs,
it is the same for both G, and CRH leading to excellent  whereas vacant MO are implicitly taken into account only
agreement between the MCSCF and SOPPA fluorine sub-through the coupled-perturbed procedure. The bond-localized
stituent effect on théJ(F,F) coupling in difluoromethane (cf.  contributions of the PSO term fd(Fz,Fsr) and2J(Fy,Fs) in 2
Table 2). (59.4 and—30.8 Hz, respectively) are given in Table 4, where
Fluorinated Oxetanes. We have obtained DFF2J(F,F) it is observed that the main difference comes from the sum of
couplings and the four Ramsey terms for the analogue of com-the lone electron pairs on the coupled fluorine atoms. The
pound1 in which two fluorine atoms reside at C-8)(Fz,F3")), difference,—90.7 Hz, amounts to the majority of the substituent
another two fluorines reside at C-4J(Fy,Fs)), and the C-5 effect displayed in Table 3. From the qualitative description of
and C-5 carbons are replaced by H atoms, i.e., 2,2,3,3- LMO properties affecting the PSO term outlined above, it is
tetrafluorooxetane?) (Table 3). Total couplings are compared possible to rationalize the90.7 Hz difference. The substantial
with experimental values taken from Brey and Breyor difference in fluorine lone pair contributions frofd(Fs,Fs-)
oxetanesla—f. Calculated couplings follow the same trend as and?J(Fy,Fs+) seems to originate in the interaction between an
observed in the oxetane couplings, although the computed valued= lone pair and the vacant LMOs placed at the F=bond
are considerably underestimated. Reference to the SOPPA andnvolving the same fluorine atom. Qualitatively, this vacant
DFT results depicted in Table 1 suggests that this shortcoming LMO possesses features similar to the correspond{@y-F)*
originates in the very small value calculated for the FC term, antibond as obtained by NBO analysis. The electronegative O
although in this case the PSO term is also somewhat smalleratom is bonded: to the FrC4F4 moiety. This widens the energy
than predicted for CfH; (Table 1) and may be underestimated gap between thes/and - lone pairs and the vacant€Fx 4-
as well. Nonetheless, the regiospecific substituent effects LMOs (or, approximately, ther(Cs,—F4 4-)* antibonds of the
displayed in Table 3 show very good agreement with experi- NBO analysis). Therefore, the PSO term?d{F,F) couplings
mental values taken from oxetane derivativea—f. It is should decrease when an electronegative group is boaded
important to note that these calculated substituent effectsto the FCF moiety. To test this rationalization, the calculated
originate in the PSO term, whereas the SD and FC contributions2J(F,F) couplings in C§H and CRHLi are also included in
nearly cancel each other. The result suggests this to be a goodrable 1, and the respective effects on the Ramsey terms of
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TABLE 5: Comparison of SOPPA, SOPPA (CCSD), DFT/B3LYP, and Experimentat 2J(F,F) and 3J(F,F) Couplings in
1,1-Difluoroethylene (3) and 1,2-Difluoroethylene (4 and 5) in Hz

comp subs. coupling methdd DSO PSO SD FC total
3 1,1-di 2J(F,F) SOPPA -1.2 —74.6 22.3 67.4 13.9
SOPPA(CCSD) -1.1 —67.4 22.6 64.0 18.1

DFT -1.1 —-104.5 20.3 6.0 —79.3

exp? 36.4

4 @-1,2-di cis-J(F,F) SOPPA -0.4 —38.3 24.3 0.7 —13.7

SOPPA(CCSD) —-0.4 —35.9 22.2 0.5 —13.6

DFT —-0.4 —47.6 30.2 1.8 —16.0

exp? —18.7

5 (B)-1,2-di trans-J(F,F) SOPPA -1.8 —143.1 22.8 —11.5 —133.6

SOPPA(CCSD) -1.8 —136.5 20.6 —-11.5 —129.2

DFT —-1.8 —162.7 27.9 —26.7 —163.3

exp? —132.7

a Experimental values were taken from ref 8Basis set: aug-cc-pVTZ-J (ref 31, 32) for all atoms: F and C (15s6p3d1f/9s5p3d1f), H (10s3pld/
6s3pld).

TABLE 6: Comparison of SOPPA, SOPPA (CCSD), DFT value is also in notably better agreement with the
DFT/B3LYP, and Experimental® 2J(F,F) and *J(F,F) corresponding ab initio quantities than are the different Ramsey
Couplings in Trifluoroethylene (6) in Hz terms
coupling method DSO PSO SD FC  total Fortrans2J(F,F) coupling inE)-1,2-difluoroethyleneg), all
2J(F,F) SOPPA 11 -165 27.0 517 61.1 three approaches yield negative values for the PSO and FC
SOPPA(CCSD)—1.1 —12.1 27.2 484 623 terms, although the absolute value from the DFT result is
DFW; —-11 -395 275 -6.8 —ég-o somewhat overestimated by comparison with those obtained
exp. with the SOPPA approaches. It is noteworthy that the trans
cis®J(F,F) SOPPA —-0.3 5.3 309 2.2 38.1 . . . . . -
SOPPA(CCSD) —0.3 50 287 202 357 configuration of the f_Iuorlne atoms in 1,2-difluoroethane (i.e.,
DFT —03 64 391 21 473 F—CH,—CH,—F) delivers negative values for the PSO and
exp? 33 FC terms by DFT NJC analysis of the latter term showed
trans2J(F,F) SOPPA —1.8 —128.9 18.7 —8.4 —120.4 that the negative value originates in the F lone pairs in the
SOPPA(CCSD)—1.8 —122.8 17.2 —8.5 —116.0 F—C—C—F plane of the trans conformer.
DFT —1.8 —145.6 22.7 —21.3 —146.1
exp? 118
R OH OH E OH
a Experimental values were taken from ref 88asis set: aug-cc- >:/ /:< \:<
pVTZ-J (ref 31, 32) on F and C2 (15s6p3d1f/9s5p3d1f), cc-pVTZ (ref .
33) on C1 (10s5p2d1f/4s3p2d1f), cc-pVDZ (ref 33) on H (4s1p/2s1p). F F F
7 8 9

2J(F,F) are displayed in Table 2. Somewhat surprisingly, the

potent electronegative OH and F substitutents both elicit a In Table 6, calculated J(F,F) couplings in trifluoroethylene
similar decrease in PSO. Nonetheless, such results strongly(6) are compared with experimental values taken from Koroniak
support the above rationalization concerning the effect adian et al.>* whereas in Tables 7 and 8, the values for the three
group on the PSO term oi)(F,F) couplings. Although no isomers of difluoroethenot, 8, and9,3%-*2 and tetrafluoroeth-
rationalization of the substituent effect on the SD term of ylene (L0), respectively, are provided. Comments similar to those
2J(F,F) couplings is attempted, it appears that it is also strongly made above for values reported in Table 5 hold for those shown

influenced by the electronegativity of ansubstituent. in Table 6. From results displayed in Tables 6 and 7, fluorine
Flourinated Ethylenes. The interesting influence of sub- and OH substituent effects dd(F,F), cis-3J(F,F), andrrans
stituents on two bond couplings for the FC{gp function- 3J(F,F) couplings are obtained by subtracting the couplings

ality discussed above prompted us to extend the work to the shown in Table 5 from the corresponding values given in Tables
FC(s®)F moiety in the context of several vinyl fluorides. The 6 and 7. The calculated substituent effects obtained with SOPPA
poor performance of the DFT/B3LYP approach for describing and DFT approaches are compared among themselves and, in
such coupling underscores the importance of studying how the fluorine case, with experimental values. Results thus ob-
DFT/B3LYP calculated?J(F,F) and3J(F,F) couplings com-  tained are given in Table 9. The following features, correspond-
pare with high level ab initio values. For the olefinic struc- ing to S-substituent effects, are worth comment. The PSO and
tures, such comparisons are made against both SOPPA andD terms of2J(F,F) are of opposite signs to those displayed in
SOPPA(CCSD) J(F,F) couplings. The corresponding Ramsey Table 2 fora-substituent effects. The substituent effect for the
terms are summarized in Tables8. In Table 5, it is observed FC term is of the same sign and of similar absolute value for
that all three computational approaches agree poorly with the botha- andj-substituent effects. It is also noteworthy that the
experimental?J(F,F) coupling in 1,1-difluoroethylene)( It PSO terms for the fluorinated analogue are smaller than those
seems that the accurate calculation of this coupling is challeng-for the hydroxyl analogue in accord with the qualitative
ing not only for the DFT approach but also for the high level rationalization given above for the gRnoiety. For3J(F,F)

ab initio schemes. On the other hand, for #ié~,F) coupling couplings, the FC substituent effect is smaller in absolute value
in (2)1,2-difluoroethylene4), the three predictive approaches than the PSO and SD substituent effects. tFans-3J(F,F), the
perform reasonably well. Note that in all cases the FC term is total substituent effects are notably smaller thancisrJ(F,F)
found to be much smaller, in absolute value, than the SD and couplings.

PSO terms. The agreement between SOPPA and SOPPA- Interestingly, the total DFT fluorine substituent effects are
(CCsSD) values is excellent, although this agreement results frommarkedly better reproduced than total coupling constants. If
a small compensation between PSO and SD terms. The totalvalues of J(F,F) couplings for trifluoroethylene are subtracted
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TABLE 7: Comparison of SOPPA, SOPPA (CCSD), and DFT/B3LYP2J(F,F) and 3J(F,F) Couplings in Difluoroethenol Isomers
7-9 in Hz

compd subs. coupling method DSO PSO SD FC total

7 2,2-dp 2J(F,F) SOPPA -1.1 7.0 31.8 56.5 94.3
SOPPA(CCSD) -1.0 10.5 31.6 52.8 93.9
DFT -1.1 —27.9 29.1 —-6.9 —6.7

8 @-1,2-dP cis*J(F,F) SOPPA -0.2 =75 245 1.8 18.7
SOPPA(CCSD) -0.2 -7.3 22.9 1.8 17.3
DFT -0.2 —-8.4 30.1 25 24.0

9 (B)-1,2-dpP trans=J(F,F) SOPPA -1.8 —123.6 13.7 —10.6 —122.3
SOPPA(CCSD) -1.8 —-117.9 12.7 —10.7 -117.7
DFT —-1.7 —145.2 17.7 —22.5 —151.7

aBasis sets: aug-cc-pVTZ-J (ref 31, 32) on F and C2 (15s6p3d1f/9s5p3d1f), cc-pVTZ (ref 33) on C1 and O (10s5p2d1f/4s3p2d1if), cc-pvVDZ
(ref 33) on H (4s1p/2slpY.Basis set: aug-cc-pVTZ-J (ref 31, 32) on F (15s6p3d1f/9s5p3d1f), cc-pVTZ (ref 33) on C and O (10s5p2d1f/4s3p2d1if),
cc-pVDZ (ref 33) on H (4s1p/2slp).

TABLE 8: Comparison of SOPPA, SOPPA (CCSD), Concluding Remarks

DFT/B3LYP, and Experimental? 2J(F,F) and *J(F,F)

Couplings in Tetrafluoroethylene (10) in Hz High level ab initio SOPPA calculations a@f-substituent

coupling method DSO PSO SD EC total effects on2J(F,F) couplings for the GFaliphatic moiety are

2F.F SOPPA(CCSD)-1.0 _ 314 334 401  103.9 found to pe QOmlnated by the PSO term. The SD qontnbutlon
DFT ~10 9.6 350 -114 323 is second in importance followed by the FC term which governs
expa 121.756 most other coupling relationships involving non-F/F pairs of

cis®J(FF)  SOPPA(CCSD)-0.2 358 328 23 707 magnetically active nuclei. Substituent effects on PSO and SD
DFT —01 454 444 18 915 are negative for an electronegative group and positive for an
exp? 74.567 9 " .g 9 P . P X

trans3J(F,F) SOPPA(CCSD)-1.8 —119.6 158 -2.1 —107.7 electropositive one. Comparing SOPPA couplings with those
DFT —1.8 —143.3 20.1 —11.6 —136.9 obtained by the DFT/B3LYP level of theory, the latter turns in
exp? —111.877 a poor performance fo?J(F,F). However, substituent effects

a Experimental values were taken from ref #Basis sets: aug-cc- N such couplings are reasonably well reproduced. This fact
pVTZ-P1320n three F atoms (EF; and i) and G; on Ci; cc-pVTZ was used to perform an NJC dissection analysis of the PSO
and on k: cc-pVDZ®, term in a model compound mimicking an oxetane derivative

(2) in order to obtain insight into the origin of the large PSO

TABLE 9: Comparison of Calculated Substituent Effects on a-substituent effect. Such analysis highlights the role played

2J(F,F) and 3J(F,F) Couplings in Fluoroethylenes and

Difluoroethenol Isomers 7-9, i.e. by the lone-pairs on J-coupled fluorine with respect to both the
J(F,F)(Trifluoro) —J(F,F)(Difluoro),2 in Hz very large contribution t8J(F,F) and thex-substituent effect.
subs. DSO PSO SD FC total C_:omparing SOPPA calculations with .data taken from thg
AP FF SoPPA o1 581 47157 272 literature, it can be concluded that substituent effects are easier
) =R SOPPA(CCSD) 0 553 46-156 442 to reproduce than coupling constants. A similar observation has
DET 0 650 7.1-128 593 been made for fluorine substituent chemical shifts, which are
exp? 50 notably better reproduced than fluorine chemical shifts for F
cis2J(F,F)  SOPPA 01 436 66 15 518 atoms bonded to different structurdt is also interesting to
SOPPA(CCSD) 0.1 409 65 17 493 510 that SOPPA and SOPPA(CCSD) total couplings are in
DFT 01 540 89 0.3 633 N -
exp? 42 better agreement than the individual Ramsey contributions,
trans3J(F,F) SOPPA 0 142 —-41 3.1 132 because differences in the latter tend to compensate by cancel-
SOPPA(CCSD) 0 13.7 =34 3.0 132 lation.
E)':Ta 0 1r1 =52 54 172 Prediction of2J(F,F) couplings for fluorine bonded to a vinyl
p? 15 . .
A(OH) 2J(F,F) SOPPA 01 816 95109 80.4 moiety were found to be a challenging task even for the SOPPA
SOPPA(CCSD) 0.1 77.9 9.6-11.2 75.8 and SOPPA(CCSD) approaches. Even so, lbathandtrans
. DFT 01 766  88-129 72.6 3J(F,F) calculated couplings agree more closely with experi-
Cis=J(F.F)  SOPPA 02 308 02 11324 o values than do tha(F,F) couplings. Calculations within
SOPPA(CCSD) 0.2 286 07 1.3 309 3 ,
DET 02 39.2 —-01 07 40.0 the DFT/B3LYP framework forcis-*J(F,F) couplings seem to
trans3J(F,F) SOPPA 0 195-91 0.9 11.3 perform better than for other couplings considered in this work.
SOPPA(CCSD) 0 186 —7.9 0.8 115 It is interesting to note that in previous investigatibHit was
DFT 01 175-102 42 116 found that the DFT approach yields promising results for J(F,F)
a Differences taken from data in Tables B. couplings in aromatic compounds. Recently, several studies have

appeared in which the performance of the DFT approach for
from the respective couplings in tetrafluoroethylene, then the calculating NMR spir-spin couplings is discusséfilt seems
substituent effect for a second fluorine atom can be estimated.that concordance with experiment depends more on the par-
It is noteworthy that such a difference is very close toAfE) ticular coupling pathway than on the nature of the coupled
value shown in Table 9 only for theis-3J(F,F) coupling. This  nuclei.
means that for this coupling a substituent additivity rule holds,  Shtarev and co-workers recently reporfd@,F) couplings
whereas foRJ(F,F) andrans3J(F,F), additivity is not operating.  for a series of bridge-fluorinated dimethyl bicyclo[1.1.1]pentane-
It is worth noting that in tetrafluoroethylene the worst agreement 1,3-dicarboxylate8.They obtained values ranging from 141.5
between SOPPA (CCSD) and experimental values is found againto 162.0 Hz which fall outside the normal 200 Hz to 350 Hz
for the 2J(F,F) coupling, confirming the trend shown above for range for a CF aliphatic moiety:! Similarly, Battiste and
1,1-difluoroethylene and trifluoroethylene. Posey® reportec?J(F,F) couplings which range from 145.5 and
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163.3 Hz for a series of exo-3;3lifluorotricyclo[3.2.1.6+

octane derivatives. Such values suggest that the PSO (and to

lesser extent, the SD) term &f(F,F) for aliphatic CFmoieties

J. Phys. Chem. A, Vol. 107, No. 23, 2008753

(8) (a) Bilgicer, B.; Fichera, A.; Kumar, KJ. Am. Chem. So001,
23 4393-4399. (b) Bilgier, B.; Xing, X.; Kumar, K.J. Am. Chem. Soc.
001 123 11815-11816.

(9) (a) Duewel, H. S.; Daub, E.; Robinson, V.; Honek, JBlachem-

are very sensitive to bond angle strain at the fluorinated carbonistry 2001, 40, 13167-13176. (b) Feeney, J.; McCormick, J. E.; Dauer, C.
atom. Such an effect can be viewed as a surrogate for anJ.; Birdsall, B.; Moody, C. M.; Starkmann, B. A.; Young, D. W.; Francis,

electronegative substituent placedto the C atom, which

increases the energy gap between the fluorine nonbonding

electron pairs and the vacant-€ LMOs, thereby decreasing

P.; Havlin, R. H.; Arnold, W. D.; Oldfield, EJ. Am. Chem. Sod.996
118 870-8706.

(10) (a) Kitteringham, N. R.; O'Neill, P. M. Metabolism of fluorine-
containing drugs; Park, B. K., Ed#Annu. Re. Pharmacol. Toxicol2001,

the magnitudes of the PSO and SD terms (in an algebraic sense)}1, 443-470. (b) Colmenares, L. U.; Zou, X.; Liu, J.; Asato, A. E.; Liu R.

This widening of the lone pair-virtual orbital energy gas,

S. H.J. Am. Chem. S04999 121, 5803-5804. (c) Kim, H. W.; Rossi, P.;
Schoemaker, R. K.; DiMagno, S. G. Am. Chem. S0d.998 120, 9082~

increases in strained small-ring structures, thereby increasingoosa. (d)Biomedical Frontiers of Fluorine Chemistr@jima, I., McCarthy,
this center’s effective electronegativity. The generality of this J. R., Welch., J. T., Eds.; ACS Symposium Series, No. 639; American

viewpoint is reinforced by théJ(F,F) values found for a wide
range of fluorinated and strained cyclopropanes (1885 Hz)*6
Similarly, the majority of fluorinated cyclobutanes follows suit
with 2J(F,F)= 180-2152 Optimization of 2,2-difluoropropane,

1,1-difluorocyclobutane, and 1,1-difluorocyclopropane (B3LYP/ M.

6-311G**) followed by NBO analysi§’4” is supportive by

reporting that the CF Ae gap increases along the series.
Accordingly, some fraction of the lowering of J(F,F) for
analogues of oxetarteto 83—96 Hz arises from the ring strain

Chemical Society: Washington, DC, 1996.

(11) Michalik, M.; Hein, M.; Frank, M.Carbohydr. Res200Q 327,

185-218.

(12) Brey, W. S.; Brey, M. LJ. Fluorine Chem200Q 102, 219-233.

(13) Kihn-Velten, J. H.; Hgele, G.; Fuss, W.; Hering, P.; Ivanenko,
M. Magn. Reson. Chen2002 40, 77—80.

(14) Kurtkaya, S.; Barone, V.; Peralta, J. E.; Contreras, R. H.; Snyder,
J. P.J. Am. Chem. So@002 124 9702-9703.

(15) Karplus, M.J. Chem. Physl959 30, 11—-15. Karplus, MJ. Phys.
Chem 196Q 64, 1793-1798. Karplus, MJ. Am. Chem. Sod 963 85,
2870-2871.

(16) Contreras, R. H.; Peralta, J. Brog. NMR Spectros00Q 37

effect. However, it should be noted that these values are almost(4), 321425,

100 Hz lower than those found for fluorinated cyclobutanes.

The overwhelming influence of the electronegati@®xygen
on J(F,F) in2 is accompanied by an increase A% for the

(17) Mallory, F. B.; Mallory, C. W.; Butler, K. E.; Lewis, M. B.; Xia,
A. Q.; Luzik, E. D., Jr.; Fredenburgh, L. E.; Ramanjulu, M. M.; Va, Q. N.;
Francl, M. M.; Freed, D. A.; Wray, C. C.; Hann, C.; Nerz-Stormes, M.;
Carroll, P. J.; Chirlian, L. EJ. Am. Chem. SoQ00Q 122 4108-4116

(O)CF, moiety as measured by NBO analysis, identical to that and references therein.

for 1,1-difluoro-cyclopropane. It should be noted further that

such trends for the PSO and SD terms2afF,F) hold when
passing from a C(sp3)fnoiety to a more electronegative C{sp

one. In fact, from difluoromethane (Table 1) to 1,2-difluoroeth-

(18) (a) Arnold, W. D.; Oldfield, EJ. Am. Chem. So00Q 122
12835-12841. (b) Peralta, J. E.; Barone, V.; Contreras, R. H.; Zaccari, D.
G.; Snyder, J. PJ. Am. Chem. So@001, 123 9162-9163.

(19) Ramsey, N. FPhys. Re. 1953 91, 303-307.

(20) Nielsen, E. S.; Jgrgensen, P.; Oddershede,CGhem. Phys1980

ylene (Table 5), the PSO, SD, and FC terms (SOPPA values)73, 6238-6246.

change fromt-134.4,+73.7, andt+111.4 Hz to—74.6,+22.3,
and+67.4 Hz, respectively.
The NJC-PSO-DFT analysis employed in this work has

(21) Geertsen, J.; OddershedeChem. Phys1984 90, 301—311.

(22) Enevoldsen, T.; Oddershede, J.; Sauer, S. Fhaor. Chem. Acc.
1998 100, 275-284.

(23) (a) Peralta, J. E.; Ruiz de AzuM. C.; Contreras, R. HTheor.

provided unique insights into substituent effects on J(F,F) Chem. Acc200Q 105(2), 156-164. (b) Peralta, J. E.; Barone, V.; Ruiz de
couplings. Despite the poor agreement between total DFT Az4& M. C.; Contreras, R. FMol. Phys.2001, 99, 655-661.

couplings and those provided by high level ab initio calculations, gga5
the general trends are followed closely by the PSO contributions.

The NJC-PSO dissection extends our previous developfient
and applicatiof18548of the NJC-FC methodology and comple-
ments the related NJENBO formulation by the Wisconsin

(24) Lantto, P.; Vaara, J.; Helgaker,J..Chem. Phy2002 117, 9630~

(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
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