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ABSTRACT: A combined experimental (radical clock, kinetic,
Hammett) and computational (DFT, MM) study of the trifluorome-
thylation reaction of aryl halides with CuCF; reveals a nonradical
mechanism involving Ar—X oxidative addition to the Cu(I) center as the
rate determining step. The reaction is second order, first order in each
reactant with AG¥ ~ 24 kcal/mol for PhI (computed AG* = 21.9 keal/
mol). An abrupt change in the gradient on the Hammett plot of log(kz/
ki) versus o, for 11 p-RC¢H,I substrates produces two correlations (p=
+0.69 and +1.83), which is temptingly suggestive of two different
reaction pathways. Only one mechanism is operational, however, as
advocated by a single linear correlation with o~ (p = +0.91), analysis of
the experimental p values, close similarity of the transition states varying
in R and displaying clear signs of —M interactions, and excellent

ArX + CuCF,

One mechanism or two?

reproduction of the plot by DFT. The long-known yet previously uncomprehended ortho effect has been quantified, for the first
time, using the reaction of CuCF; with a series of 0-RC4H,Br: R(kg/ky) = H (1) < Me (3.5) < MeO (4) < CN (20) < CHO
(250) < CO,Me (850) < NO, (4300) < Ac (7300) < CO,H (150 000). With minor contributions from electronic factors, the
ortho effect is largely determined by (i) the stabilizing coordination of the o-substituent to Cu in the transition state with the
Cu-+O distance varying directly with the barrier and (i) the steric bulk of the o-substituent that raises the ground state free

energy of the haloarene (G°
bond.

ortho — Gl OF G0 — G°yy,) by inflicting molecular strain and consequently weakening the Ar—X

B INTRODUCTION

Since the groundbreaking discovery of the Cu- promoted
perfluoroalkylation of aryl iodides by McLoughlin and Thrower"

in the 1960s, considerable progress has been made in the area of
trifluoromethylation of haloarenes with copper complexes.””®
While most of the reported work targeted the development of
new trifluoromethylation methodologies, surprisingly little is
known about the mechanism of the copper-mediated Ar—CF,
bond formation (eq 1). The original studies by McLoughlin and
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Thrower,"® Kumadaki,” Ya: upolskii,8 Kondo,” Burton,'® Chen,"!
Tamborski,'* Fuchikami,'> and others®* have provided a clear
indication that the transformation involves X/CF; exchange on
an aryl halide ArX, effected by “CuCF;” (or “CuR;”, where R; =
perfluoroalkyl), preformed or generated in situ from a Varlety of
CF; sources. In his original seminal work, Burton'® detected
three types of CuCF; species in solution by '"F NMR and
monitored their reaction with iodoarenes. Since then, both
structurally undefined CuCF;*'* and adeguately characterized
CF3Cu(I) complexes (NHC)CuCF3 [(phen)CuCF,],%
[(Ph,P),CuCF,] [(Ph, P)(phen)CuCF 1,%¢ and
[(bathophen)CuCF ] (phen = 1,10-phenanthroline; bath-

X X "CF3 source”, Cu
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4
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ophen = bathophenanthroline) have been shown to trifluoro-
methylate aryl halides (mostly iodides).

While all of the reports in the area are in agreement on the
order of reactivity of haloarenes Arl > ArBr > ArCl toward
CF;Cu (or R«Cu) and on the importance of amide solvents such
as DMF for the reaction, there is less uniformity regarding the
mechanism of the CF; transfer from Cu to the aromatic
substrate. In the vast majority of the reports, reasonably plausible
mechanisms are proposed, or no mechanistic considerations are
presented whatsoever. Nonradical reaction pathways are
frequently speculated to govern the Ar—CF; bond formation.
In two instances, ™ radical clock experiments have been
performed to observe the lack of formation of cyclized products
and, consequently, conclude on the unlikely involvement of free
radicals in the reaction. In some other cases, however, signs of
single electron transfer (SET) have been observed.* For example,
Chen and Wu''"® have noted the partial suppression of the
trifluoromethylation reaction of aryl iodides with FO,SCF,I/Cu
in the presence of SET scavengers and free radical inhibitors.
They have also detected the formation of a free radical addition—
elimination product when performing the reaction in the
presence of tetramethylethylene.
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Apart from the two aforementioned radical clock experiments,
the mechanism of trifluoromethylation of aryl halides has been
probed by a Hammett correlation study of the decarboxylative
reaction of CF;CO,Na/Cul with a series of p-XCsH,I (X = Me,
MeO, H, F, C1, 1, CF;, NO,) in NMP at 160 °C.*® From the small
positive p value of +0.46 deduced, a conclusion was drawn on a
nucleophilic nature of the reactive species, with [CF,Cul]”
rather than [CF;Cul]® being proposed as an intermediate. An
almost identical study was most recently performed” for the
same reaction employing CF;CO,K/Cul at 200 °C for p-IC;H,X
(X =MeO, t-By, H, CO,Et) and m-IC¢H,CO,Et. Essentially the
same p value of +0.52 was obtained.

As follows from the above, there have been no reports of
detailed mechanistic studies of Cu-mediated trifluoromethyla-
tion (or fluoroalkylation) of aryl halides. Considering the
importance of such transformations for numerous industrial
applications™> and a broad variety of possible reaction pathways
for Cu-promoted aromatic coupling reactions,'”” ™" elucidation
of the mechanism of the trifluoromethylation of aryl halides with
CuCF; would benefit further developments in the area. Herein
we report a combined experimental and computational study of
the trifluoromethylation of haloarenes with CuCF; that
establishes its mechanism and uncovers a number of previously
unrevealed salient features of this transformation. Our work also
sheds light on the nature of the so-called “ortho effect”, a long-
known and widely used, yet poorly understood, accelerating
effect of ortho substituents on rates of Cu-mediated coupling
reactions of aryl halides. The results presented below are believed
to contribute to the overall understanding of not only
fluoroalkylation reactions but also aromatic substitution with
copper compounds in general.

B EXPERIMENTAL STUDIES

CuCF; Reagent. We have recently discovere the first
reaction of direct cupration of fluoroform, established its
mechanism,*” and demonstrated applications of the thus
produced “ligandless” CuCF; for trifluoromethylation reactions
of a variety of substrates.”*~>” For the current mechanistic study,
we chose the fluoroform-derived CuCF; reagent because of its
ability to smoothly trifluoromethylate a broad variety of aryl
halides in high yield and with excellent chemoselectivity under
mild conditions (20—80 °C).>® The CuCF; reagent was prepared
by our previously developed procedure®® in >90% yield from the
reaction of CHF; with [K(DMF)][(t-BuO),Cu] (from CuCl
and 2 equiv of +-BuOK in DMF), and subsequently stabilized
with Et;N-3HF (eq 2). Strong evidence has been obtained***’
for the original product of the cupration reaction being a mixed
cuprate [K(DMF),][(+-BuO)Cu(CF;)] that undergoes acid-
olysis of the Cu—O bond upon the stabilization with Et;N-3HF.
As can be seen from the stoichiometry of the overall process (eq
2), the reagent solution thus produced contains ca. 1 equiv of
“CuCF;”, 2 equiv of +BuOH, and '/; equiv of Et;N. The latter
two and the DMF solvent stabilize the CuCF; moiety by
coordination through the N and O donor atoms. These
interactions are rather weak, and consequently, the Et;N,
DMF, and t-BuOH molecules are easily displaced from the Cu
center. This is why we refer to the fluoroform-derived CuCFj; as
“ligandless”. By no means do we imply that the Cu atom in these
species is monocoordinate, being devoid of any ligands but CF,
(see below).

Radical Clock Experiment. We have previously con-
cluded® that radical processes are unlikely involved in the
trifluoromethylation of aryl halides with fluoroform-derived
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DMF 1. CHF,

CuCl + 2t-BuOK [K(DMF)][Cu(OBu-t)y] —————>——
-KCl 2. 1/3EtzN(HF), )
-KF (2)

— ["CuCFy" + 2tBUOH + 1/3EtN |

CuCF;. In particular, the lack of side-formation of arenes and
biaryls in these reactions suggests that aryl radicals are not
generated in the transformation. Furthermore, the formation of
only small quantities of bis-trifluoromethylated products in the
reaction of p- and 0-BrC4H,I with CuCFj; is inconsistent with the
Srnl mechanism.*® In the current work, we found that the
treatment of 2-allyloxyphenyl iodide, a radical clock substrate (k.
ca. 10 s71),%° with CuCF; gave rise exclusively to 2-
allyloxybenzotrifluoride (eq 3). No formation of the cyclized
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product was observed ("’F NMR, GC-MS). This result provides
further strong support to the previously drawn conclusion® of a
nonradical mechanism of the trifluoromethylation of haloarenes
with the CuCF;. It is worth noting that 2-allyloxyphenyl iodide
has been widely used to identify radical***"** and nonradical****
pathways for a variety of Cu-mediated reactions of aryl halides,
including the trifluoromethylation with [(phen)CuCF,].>
Determination of Reaction Order. The method of initial
rates as measured by '’F NMR was used to determine the order
of the reaction of CuCF; with a broad variety of substrates p-
RC,H,I (R = H, Me, OMe, Cl, CO,Et, Ac, CN, NO,), m-RC(H,]
(R=Me, OMe, Cl, CHO, CO,Et, CN, NO,), 0-NCC4¢H,], and o-
RC¢H,Br (R = CO,Me, CHO, Ac, CN, NO,). In the range of
concentrations of CuCF; and ArX 0.095—0.380 M, all but two
reactions exhibited clean second order kinetics, first order with
respect to each reactant. Deviations from the second order were
observed for p-ICqH,CN and p-ICH,NO,. With these two aryl
iodides, the reaction was ca. 0.5 order with respect to both the
substrate and CuCF;. We reasoned that the deviation might deal
with the reversible coordination of the CN and NO, groups on
the substrate to the Cu center, as shown in eq 4 for R= CN.>* To

L,CuCF, + :NCQI —_ LmCLli—N04©—I +L @

CF3
L = DMF, Et3N, t-BuOH

"ligandless" CuCF3 from CHF3
DMF, r.t.

not observed

probe this hypothesis, we repeated the reaction order
determination for p-IC;H,CN and p-IC{H,NO, in the presence
of MeCN in excess. Being a better ligand for Cu(I) than p-
IC(H,R (R = CN or NO,), DMF, t-BuOH, and Et;N, acetonitrile
was expected to free up the substrate from its Cu complex and
drive all ligand exchange equilibria in the system to [(MeCN),-
Cu(CF;)]. Indeed, in the presence of MeCN (50 equiv per Cu),
both reactions displayed second order kinetics, first order in Cu
and first order in p-ICsH,R (R = CN or NO,). The addition of
MeCN not only restored the second order of the reaction, but
also slowed the trifluoromethylation by a factor of 4.5. The
observed slower rates are consistent with the previously
reported®®* inhibition of trifluoromethylation reactions of aryl
halides with CuCF; complexes in the presence of deliberately
added ligands with a high affinity for Cu(I). Second order kinetic
behavior was invariably observed for the reactions of all of the o-
RC¢H,Br and m-RC¢H,I substrates with CuCF; in DMF in the
absence of MeCN. The lack of deviation from the first order in
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CuCF,; and in 0-RC¢H,X (X = Br, I) or m-RC4H,I for R = CN
and NO, is attributed to an expected®® weaker binding of the Cu
to these groups, as compared with those in the para derivatives p-
IC¢H,NO, and p-IC{H,CN (eq 4).

Hammett Studies. The Para Series. Relative rate constants
were determined for the reactions of CuCF; with 11 iodoarenes
p-RC{H,I (R =H, Me, t-Bu, MeO, F, Cl, Br, CO,Et, Ac, CN, and
NO,) at 298 K. The reactions of CuCF; in DMF with two or
more competing aryl iodides were run under pseudo-first-order
conditions with [p-XC4H,I]/[CuCF;] = 10 for each substrate
and monitored by "’F NMR. Two sets of experiments were
performed. In one, the reactions for all 11 substrates were run in
the presence of MeCN (50 equiv per Cu) in order to avoid the
above-described deviation from second order kinetics for R = CN
and NO,. The second set of measurements was performed in the
absence of MeCN. Within each data set, different runs performed
at various concentrations and conversions showed excellent
reproducibility and no variation in ky/ky within the estimated
experimental error of ca. 10%. Notably, the same decrease in the
reaction rates by a factor of 4.5 in the presence of 50 equiv of
MeCN (see above) was observed for all substrates in the series.
Consequently, the ky/ky; values obtained in the presence and in
the absence of MeCN were indistinguishable within the
experimental error.

Unexpectedly, plotting the log(kg/ky;) values against the
Hammett o, constants ® resulted in no satisfactory linear
correlation. Excellent correlations were obtained, however, for
two separate sets within the series (Figure 1, top), one with R=H,
Me, t-Bu, MeO, Cl, and Br (p = +0.69 + 0.01; R* = 0.99) and the
other with R = F, Cl, Br, CO,Et, Ac, CN, and NO, (p = +1.83 +
0.01; R* = 1.00). While we are unaware of similar observations in
the chemistry of Cu-catalyzed reactions of aryl halides,”*"~* a
strikingly similar Hammett pattern with an abrupt line breakage
at about the same point, 6, = +0.23 (Cl), has been reported by
Foa and Cassar*® for Ar—Cl oxidative addition to [(Ph,P),Ni].
That dual correlation pattern was convincingly interpreted in
terms of two different mechanisms governing the transformation.
On the other hand, we found that our log(kg/ky;) values correlate
excellently (p = +0.91 + 0.01; R* = 0.99) with o, (Figure 1,
bottom), a parameter that is conventionally used for reactions
where considerable negative resonance interaction takes place
between the substituent and the reaction center.*

Hammett Studies. The Meta Series. An excellent linear
correlation of the log(kg/ky) values with the Hammett o,
constants® was obtained for the reactions of CuCF, with eight
iodoarenes m-RC4,H,I (R = H, Me, MeO, CO,Et, CHO, CI, CN,
and NO,) at 298 K. Although all of these reactions obeyed
second order kinetics in the absence of MeCN (see above), the
ky/ky determination was repeated in the presence of 50 equiv of
MeCN for comparison with the para series. As with the p-RC¢H,I
substrates, the addition of MeCN slowed down all of the
reactions by the same factor of 4.5. As a result, the Hammett plots
for the reactions in the presence of MeCN (p = +0.95 + 0.03; R?
=0.99) and in its absence (p = +0.97 + 0.03; R* = 0.99) were
virtually indistinguishable (Figure 2).

Ortho Effect. Originally discovered by Ullmann himself 110
years ago,*® the remarkable promoting effect of certain ortho
substituents such as COOH and NO, on Cu-catalyzed/mediated
coupling reactions of aryl halides has long been recognized.*”**
Clark and co-workers* have observed the ortho effect of a nitro
group on the trifluoromethylation of aryl chlorides with CuCF;
generated from Cu and CF,Br, in DMAC. A much weaker
reaction rate enhancement was detected for carbonyl ortho
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Figure 1. Hammett plots for the reactions of p-RC¢H,I with CuCFj; in
the absence of MeCN using o, (top) and o, (bottom).
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Figure 2. Hammett plot for the reactions of m-RC4H,I with CuCF; (in
the absence of MeCN).

substituents CHO, Ac, and CO,Me, whereas the cyano and
amino groups in the ortho position did not alter the reactivity of
the C—Cl bond. Following the previously reported explan-
ations,*”** Clark rationalized the lack of ortho effect of the cyano
group in terms of the unattainability of “the correct transition
state geometry” as shown in Figure 3.*

In Clark’s studies, the ortho effect could not be explored for
aryl iodides and bromides as those produced biaryls rather than
trifluoromethylated products under the conditions employed.*’
We have recently observed® the ortho effect in the
trifluoromethylation reactions of both aryl iodides and bromides
with fluoroform-derived CuCFj. In the current work, this effect
has been studied and quantified for a series of bromoarenes.
Relative rate constants were determined by '"F NMR for
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Figure 3. Proposed* “correct” (ortho-NO,) and “incorrect” (ortho-CN)
geometries of the transitions states in the Cu-promoted trifluorome-
thylation of ortho-substituted chloroarenes.

trifluoromethylation of a series of ortho-substituted bromoar-
enes in competition experiments where 1 equiv of CuCF; was
allowed to react with a mixture of various 0-RC4H,Br (10 equiv
of each) under pseudo-first-order conditions. Aryl bromides
rather than iodides were chosen for this study in order to have a
broader range of substrates in the series. Preliminary runs had
indicated that some 0-RC,H,I (e.g,, R = CO,H, Ac, CO,R,NO,)
appeared too reactive toward the CuCF; (relative to PhI) for
accurate kp/ky; determination. Monitoring the reactions by '°F
NMR and integration of the peaks from the o-RC,H,CF;
products gave the following order of reactivity with relative
rate constants shown in parentheses: H (1) < Me (3.5) < MeO
(4) < CN (20) < CHO (250) < CO,Me (850) < NO, (4300) <
Ac (7300) < CO,H (150 000).

This order of reactivity displays a number of peculiar features:

(1) There is no correlation of the relative rate constants with
the electronic effects*® of R. The carboxyl group displaying by far
the strongest ortho effect is a weaker electron acceptor than Ac,
CN, and NO,. The cyano group is a more powerful electron-
acceptor than any of the carbonyl substituents that nonetheless
make the substrate more reactive. While the nitro group is more
electron-withdrawing than acetyl, o-bromoacetophenone reacts
with CuCF; faster than o-bromonitrobenzene.

(2) In contrast with Clark’s observations,*” the acetyl group is
a noticeably stronger ortho activator than the nitro group.

(3) Astonishingly, even a methyl group ortho to the C—Br
bond promotes the reaction, as can be seen from 2-
bromotoluene being 3.5 times more reactive toward the
CuCF; than bromobenzene. This is particularly unexpected as
the CHj; substituent is neither an electron-acceptor to activate
the carbon—halogen bond on the ring, nor a lone electron pair
donor to bind to the Cu atom, thereby bringing it in closer
proximity to the reaction site (Figure 3). A similar weak yet
recognizable effect of the methyl group has also been observed in
the 3-bromopyridine series.”> Furthermore, bromomesitylene
bearing two methyl groups ortho to the C—Br bond appeared 1.3
and 4.5 times more reactive than 2-bromotoluene and
bromobenzene, respectively.

B COMPUTATIONAL STUDIES

The “one or two mechanisms” dilemma (Figure 1) could not be
solved by experimental methods, and the ortho effect could not
be rationalized only in terms of relative electron deficiency of the
aromatic substrates, nor solely in terms of chelation as previously
proposed.**** We therefore undertook a series of computational
studies to gain a deeper insight into the mechanism of the
reactions of CuCF; with aryl halides and the nature of the ortho
effect. Density functional theory (DFT) calculations based on a
mPW2PLYPD(BS2)//B3LYP-D(BS1) protocol have been used
throughout the study. In the following sections, all energies
correspond to computed Gibbs free energies in DMF, unless
noted otherwise.

Model Selection. As discussed above, after the cupration of
fluoroform and stabilization of the trifluoromethyl Cu(I)
complex produced with Et;N-3HF, the resultant reagent solution
in DMF comprises “CuCF;”, t-BuOH, and Et;N in a 1:2:0.33
molar ratio (eq 2). Given that and the consensus %% that the
reactive species in Ullmann-type reactions are complexes of the
type [(L)Cu(nucleophile)], we considered [LCuCF,;] (L =
DMF, +-BuOH, Et;N) as the CFj-transferring molecules. The
computed bond dissociation free energies (BDFE) showed that
Et;N (modeled as Me;N) binds to CuCF; 7.0 kcal/mol more
strongly and #-BuOH 2.1 kcal/mol less strongly than DMF
(Table 1).*

Table 1. L—CuCF, Bond Dissociation Free Energies (BDFEs)

ligand L L:CuCF; molar ratio BDEE, kcal mol™
DMF ca. 287 20.5
t-BuOH 2 18.4
NEt,” 0.33 27.5

“Calculated from the actual concentration of CuCF; solutions used in
the experimental studies. *Modeled as NMe;.

In spite of the large DMF to Et;N molar ratio of ca. 85:1 under
the experimental conditions, the computed data indicate that the
equilibrium between [(DMF)CuCF;] and [(Me,N)CuCF;] (eq
5) in the CuCF; reagent solution is shifted almost entirely to the
amino complex. Nevertheless, the species selected for the
computational studies was [(DMF)CuCF;] because the actual
reagent solution contains only ca. 0.33 equiv of Et;N per each
equiv of CuCF;, whereas the DMF solvent is abundant (see
above and eq 2). Furthermore, as the reaction with an aryl iodide
occurs, Cul is produced that binds*” to the tertiary amine more
strongly than CuCF; (eq 6). Finally, as will be shown below, the
selected model species [(DMF)CuCF,] is more reactive toward
ArX than [(Me;N)CuCF;]. The complex bearing two DMF
ligands on Cu, [(DMF),CuCF;], was computed to lie 6.0 kcal/
mol higher in energy than [(DMF)CuCF;] and therefore was
disregarded in the DFT study. Consequently, all energies in the
DFT study are quoted relative to the combined Gibbs free
energies of [(DMF)CuCF;] and the corresponding aryl halide
set to zero.

[((DMF)CUCF3] + NMe; == [(Me3N)CuCF3] + DMF  (5)

AG® = -7.0 kcal-mol™!

[(MesN)CUCF3] + [(DMF)Cul] = [(DMF)CUCF3] + [(MegN)Cul] ()

AG® = -1.7 kcal-mol™

Trifluoromethylation of Phl. Associative and Dissocia-
tive Oxidative Addition—Reductive Elimination Path-
ways. Initially, we studied the reaction of [(DMF)CuCF,]
with the simplest iodoarene, Phl, as a model substrate. The
reaction of fluoroform-derived CuCF; with Phl has been
experimentally shown™ to cleanly produce PhCF; in 95% yield
at 99% conversion after 18 h at 50 °C. First we probed a
mechanism involving Ph—I oxidative addition (OA) to produce a
Cu(Il) species, followed by Ph—CF, reductive elimination
(RE). Two alternative computed pathways for this process are
shown in Figure 4. One of them (dissociative, shown in blue)
involves DMF loss from Cu as the first step, whereas the other
one (associative, shown in red) does not.

In the dissociative OA-RE pathway (DOARE), the [(PhI)-
CuCF;] adduct in its most stable form [D]I;, (8.3 kcal/mol)
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Figure 4. Alternative computed reaction profiles for the reaction of [(DMF)CuCF,] with Phl via OA-RE involving (blue, “DOARE”) and not involving

(red, “AOARE”) DMF dissociation.

Figure S. Computed DOARE transition states for (left) CuCF; transfer from the 7-system to iodine ([D]TS,; 15.2 kcal/mol), (center) Ph—I OA to
CuCF; ([D]TS,; 24.6 kcal/mol), and (right) Ph—CF; RE from Cu ([D]TS;; 19.1 kcal/mol).

exhibits an 7>-binding mode through one Crneta—Cpara bond.
Alternative 77*-arene species [D]I;, and [D]I,. bound through
either a C,p0—Cppeta OF @ Cipio—Coypo bond are only slightly
higher in energy, by 0.2 and 0.6 kcal/mol, respectively. The
CuCF; coordination to the C,,,—C,oiq 0F Cpeta—Copiho bonds
leads to a shortening of the C—I bond by 0.1 A (C—1=2.14 A in
free PhI), likely due to electron donation from the 7 system of the
benzene ring to the Lewis-acidic copper atom. In contrast, in the
Cortho—Cipso adduct [D]I,, the C~I bond is elongated by 0.1 A
and the iodine atom deviates from the plane of the benzene ring
by 10°. This distortion is indicative of predominant binding of

Cu to the ipso C atom, the reactive site of the substrate, i.e., of
Ph—I preactivation. CuCF; transfer from the z-system in [D]I,,
to the iodine through a low-energy transition state [D]TS, (15.2
keal/mol; Figure S, left) leads to further elongation of the C—I
bond and the formation of a o-complex with a nearly linear
{F;C—Cu—1I} moiety orthogonal to the benzene ring (93°).
Characterization of the subsequent C—I activation transition
state showed that this I-bound intermediate [D]I, is the
immediate precursor in this process. The Ph-I OA proceeds via
a relatively late transition state [D]TS, (24.6 kcal/mol; Figure S,
center) with significant C--I elongation (2.73 A), a short Cu--Ph
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Figure 6. Computed AOARE transition states (left) for Ph—I OA to [(DMF)CuCF;] ([A]TS,; 21.9 kcal/mol) and (right) Ph—CF; RE from Cu

([A]TS,; 17.9 kcal/mol).

contact (2.01 A), and a short Cu—Ibond distance (2.44 A) that is
only 0.1 A longer than in copper iodide. C—I bond cleavage
within the near-linear {F;C—Cu—I} moiety (178°) with the Ph
group effectively bridging the Cu—I bond leads to a Cu(III) Y-
shaped intermediate, [D]I; (18.8 kcal/mol) with an acute Ph—
Cu-CF; angle of 77° and a Ph--CF; contact of 2.4 A. This
geometry facilitates the Ph—CF; RE step via [D]TS; (19.1 keal/
mol; Figure S, right) with a minimal barrier of 0.3 keal/mol and
results in a dramatic lowering of energy and the formation of a 77>-
intermediate ([D]I,,, —37.9 kcal/mol) with Cul z-bound to
Cortho—Cmeta 0of the PhCF; molecule produced. After a
rearrangement to the C,o,—Cpyr isomer [D]1y, (=384 keal/
mol), DMF coordination to the Cul liberates the PhCF,
molecule.

In the associative OA-RE pathway (AOARE; shown in red in
Figure 4), Phl can z-coordinate to [(DMF)CuCF;] to produce a
1*-Cneta—Cortho complex [A]L; at 9.9 kcal/mol or form a more
stable iodine-bound 6-complex [A]L, (5.3 kcal/mol). The latter
displays a nearly linear {(DMF)CuCF,} fragment (179°), a long
Cu--I distance (3.61 A), and a C—I bond that is almost
indistinguishable in length (2.14 A) from that in free PhI. This
weak adduct is connected to an OA transition state [A]TS; (21.9
kcal/mol). The C--I (242 A) and Cu--I (2.57 A) contacts
computed for [A]TS, (Figure 6, left) are shorter and longer,
respectively, than in [D]TS, (C--I1 = 2.73 A; Cu--1 = 2.44 A),
indicating that Ph—I activation via AOARE is governed by an
earlier transition state than in DOARE. This leads to a pathway
that is energetically lower by 2.7 kcal/mol for the trifluor-
omethylation with [ (DMF)CuCF;] than with [CuCF;]. Descent
from [A]TS; yields an intermediate [A]l;, with square-planar
Cu(III) (Ph—Cu—I =90°) at 11.9 kecal/mol that rearranges to a
slightly more stable conformer [A]ly, (10.9 kcal/mol) via
rotation around the DMF—Cu bond. Involvement of high spin
Cu(III) species can be ruled out as optimization of the originally
produced d® Cu(IIl) intermediate in a triplet state produced an
energetically prohibited distorted tetrahedral structure at +46.0
kcal/mol.

RE from the Cu(Ill) intermediate [A]l;, that is lower in
energy than [D]I; is favored by the formation of a strong Ph—
CF; bond and occurs with a small barrier of 7.0 kcal/mol via
[A]TS, (17.9 kcal/mol), a transition state that is also lower in
energy than its DOARE congener [D]TS;. The resultant
intermediate [A]I, comprised a {I-Cu—DMF} moiety 1>
bound to a C,4,—C,.a bond of PhCF; loses the latter via
[A]TS;. This dissociation process characterized by a very low
barrier of only 2 kcal/mol completes the transformation. The

calculated overall free energy effect of —44.8 kcal/mol shows that
the trifluoromethylation process is highly exergonic.
Alternative Mechanisms. A recent computational study
of Ph—1I activation with [(L-L)Cu(ZMe)] (L-L = diketone or
phen; Z = O, NH) showed that single electron transfer (SET)
and halogen atom transfer (HAT) processes can be competitive
with concerted oxidative addition. Therefore, these alternatives
to the OA-RE mechanism as well as o-bond metathesis (SBM)
and SyAr were also considered, focusing on the Ph—I activation
step. For SBM, the computed barrier was 64.5 kcal/mol. The
other alternatives were assessed by computing the standard free
Gibbs energy change for the following Ph—I activation steps:

19a

SET(outer sphere):
[(DMF)CuCE] + PhI — [(DMF)Cu(CE)]* + PhI*~
AG° = +82.1 kcal/mol

SET (inner sphere):
[(DMF)(PhI)CuCE] — [(DMEF)(PhI*")Cu’CE]
AG® = +51.5 kcal/mol

HAT:
[(DMF)CuC]%] + PhI — [(DMF)(I)CuCE] + PR

AG°® = +45.9 kcal/mol

SNAr:
[(DMF)CuCE] + PhlI — [(DMF)(Ph)CuCE]* + I”
AG°® = 429.5 kcal/mol

The high computed AG® values suggest that these mechanisms
are not relevant in the present system.

Para-Substituted Aryl lodides. The above-described OA-
RE model (Figure 4) was then applied to a range of p-RC¢H,I
substrates, for which relative rates were determined exper-
imentally (see above). Both the DOARE and AOARE pathways
were studied for the entire series. The key transition states
[D]TS, and [A]TS, computed for the substituted aryl iodides
displayed geometries that were similar to those found for
iodobenzene. The energy values presented below correspond to
the most stable conformers in all cases.

For DOARE, the computed barriers (in kcal/mol in
parentheses) produced the following order of reactivity: NO,
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(25.8) < CO,Bt (25.6) < CN (25.5) < Ac (25.4) < Cl (25.2) <
MeO (25.1) < Br (25.0) < F (24.9) < Me (24.6) ~ H (24.6) < t-
Bu (24.3). This sequence suggests that electron-withdrawing
substituents in the para position would produce slower reaction,
which is the opposite of the experimentally observed trend.
Attempted correlation of 6, with the log(kg/k;;) numbers
derived from the computed data produced an unrealistic

negative53 p value of —0.56 (Figure 7).
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Figure 7. Hammett plot of DFT computation-derived log(kp/ky) vs 6,
for the reactions of p-RC¢H,I with CuCF; via DOARE.

In sharp contrast, the order of reactivity predicted by the
theory for the AOARE pathway (computed barriers in kcal/mol
in parentheses), Me (22.8) < MeO (22.6) < F (224) < t-Bu
(22.0) ~ C1(22.0) ~ Br (22.0) < H (21.9) < Ac (22.5) < CO,Et
(21.4) < CN (21.1) < NO, (20.3), accords with the experimental
data. In spite of a few minor deviations, a much better correlation
of the DFT-derived log(ky/ky) values with 6, is observed,
producing p = +0.92 (Figure 8) that is in excellent agreement
with the experimental value of +0.91 (Figure 1, bottom).>*
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Figure 8. Hammett plot of DFT computation-derived log(kg/ky) vs 6,
for the reactions of p-RC4H,I with CuCF; via AOARE.

The computational results described above indicate that the
DOARE pathway is not only energetically more demanding than
AOARE, but also not consistent with the experimental Hammett
data, whereas AOARE is. This applies to correlations of the
DOARE and AOARE log(kg/ky) values not only with the
resonance constant ¢, but also with the Hammett o, parameter

b
(see the Supporting Information). Therefore, only the AOARE

mechanism was considered for the computational Hammett
modeling of the meta series.

Meta-Substituted Aryl lodides. The experimentally
established susceptibility of the trifluoromethylation of m-
RC¢H,I to R (6,,) is particularly low, as illustrated by the most
rapid reaction (R = NO,) being only 5.5 times faster than the
slowest one (R = Me). The Arrhenius equation translates this
rate constant ratio into 1.0 kcal/mol for the entire range of AG*
in the reactions of the meta series. Given this very small value, it
was hard to expect DFT calculations to reproduce the
experimentally obtained Hammett plot (Figure 2). To our
delight, however, the computed barriers (kcal/mol in paren-
theses) for the AOARE pathway, Me (22.7) < CHO (22.2) ~
CN (22.2) < Cl (22.1) < H (21.9) = MeO (21.9) ~ CO,Et
(21.9) < NO, (21.8), appeared to be in good agreement with the
experimental order of reactivity. While the difference of 0.1 kcal/
mol or less for the neighboring members of the series is
computationally insignificant, the DFT method identified
correctly the most and the least reactive substrates and modeled
well the small 0.9 kcal/mol difference in the Gibbs free energies
of activation for the two.

Additional Calculations Related to the AOARE Mech-
anism. We have also computed barriers to OA of PhBr and PhCl
to [(DMF)CuCF;]. The values obtained, 25.1 kcal/mol (PhBr)
and 28.8 kcal/mol (PhCl), accord with the experimentally
observed order of reactivity PhI > PhBr > PhCl These data
confirm that the rate limiting step of the trifluoromethylation of
aryl halides with CuCF; is activation of the carbon—halogen
bond.

The replacement of DMF in [(DMF)CuCF;] with NMe, in
the calculations with PhI as the substrate raises the activation
barrier by 2.4 kcal/mol. Using the Arrhenius equation, this figure
translates into [(Me;N)CuCF,] being ca. 60 times less reactive
toward PhI than [(DMF)CuCF,]. These data are consistent with
the experimentally observed™® inhibiting effect of triethylamine
on the trifluoromethylation of aryl halides with fluoroform-
derived CuCFs,.

It has been well-established”'*"* that under certain conditions
CuCF; can exist in equilibrium with [Cu(CF;),]” that is less
reactive toward haloarenes.'™ Computing a barrier to the OA-
RE pathway for Phl involving [Cu(CF;),]™ as a trifluoromethy-
lating agent produced a high value of 28.1 kcal/mol, in full accord
with the experimental data.'®® One can imagine that [Cu-
(CF;),]” might react with Cul coproduced in the reaction to give
rise to [(CF;)Cul]™ that might also react with the aromatic
iodide. In fact, [ (CF;)Cul]™ has been proposedlé as the reactive
species in the decarboxylative trifluoromethylation of iodoar-
enes. However, the computed AOARE barrier for Ph-I OA to
[(CF;)Cul]™ (25.3 kecal/mol) is 3.4 kcal/mol higher than to
[(DMF)CuCF;] (21.9 kcal/mol).

The Ortho Effect. First we computed the oxidative addition
transition states for the reactions of the entire series of ortho-
substituted bromoarenes used in the experimental studies with
[(DMF)CuCF,] via the AOARE pathway. As can be seen from
Table 2, the DFT values for the difference in the Gibbs free
energies for the transition states involving PhBr AG*}; and o-
RC¢H,Br AG¥y are in good agreement with those calculated
from the experimental kinetic data. The overall trend is
reproduced remarkably well by the computation with only one
minor exception (R = CN) that, considering the accuracy of the
DFT method, may not be viewed as significant. The consonant
experimental and computational data show that the introduction
of a substituent into an ortho position of PhBr enhances the
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Table 2. Experimental and DFT Data for the Ortho Effect in
the Reactions of 0-RC4H,Br with CuCF;

AG¥,; — AG¥ (kcal/mol)

R kg/ky (expt) expt DET
H 1 0.0 0.0
Me 3.5 0.7 0.6
MeO 4 0.8 1.2
CN 20 1.7 1.1
CHO 250 3.2 3.2
CO,Me 850 39 4
NO, 4300 4.9 5.6
Ac 7300 5.2 6.1
CO,H” 150 000 6.9 7.0

“Computed for the ionized form.

reactivity of the bromoarene toward CuCF;. The magnitude of
the effect strongly depends on the nature of R and, as mentioned
above, does not correlate with its electronic effects.

To gain insight into the origin of the ortho effect, we calculated
AOARE transition states for the oxidative addition of 0-RC4H,I
to [(DMF)CuCF;], the highest energy point on the reaction
coordinate, and compared them with those previously computed
for the corresponding para isomers. As the overall reaction
barrier for a transformation is determined by the difference in
energies of the reactants and the transition state, we also
computed and compared G° for each 0-RCsH,I/p-RCsH,I pair.
Results of these studies are summarized in Table 3. Similar to the

Table 3. Computed Energy Parameters (kcal/mol) for o- and
p-RC¢H,I and Their Reactions with [(DMF)CuCF,]

GPortho AGY .- AGH—  Giy,

R -G AGhu, AGHu AGhume  AGfum, — Glom
H 0.0 219 219 0.0 0.0 0.0
F 0.5 219 22.4 0.5 0.0 0.0
CN 0.8 20.5 21.1 0.6 1.4 0.3
Br 2.1 209 219 1.0 1.0 1.0
Cl 19 20.6 21.9 1.3 1.3 0.5
MeO 0.6 20.8 22.6 1.8 1.1 —1.1
Me 1.1 209 22.8 19 1.0 —0.8
CHO 2.8 19.2 21.9 2.7 2.7 0.1
NO, 54 174 20.3 2.9 4.5 2.5
CO,Et 4.5 17.8 214 3.6 4.1 0.9
Ac S.1 15.8 21.5 5.7 6.1 —0.6
CO;_H“ 2.5 15.1 22.7 7.6 6.8 =51

“Computed for the ionized form.

ortho-substituted aryl bromide series (Table 2), the ortho effect
is observed in all cases, i.e., AGF; — AGT . is always a positive
value, except for the smallest substituent, F, where it is essentially
zero. The computed AOARE barriers are also always lower for
the ortho-substituted substrates than for their para isomers.

As can be seen from Table 3 and in accord with the literature
data,*® all of the ortho isomers studied lie invariably higher in
energy than the corresponding para isomers. The G° o — G®para
values for the series vary in a significant range 0.5—0.6 kcal/mol
(F, MeO) to 5.1—5.4 kcal/mol (Ac, NO,). This difference in the
ground state energies between the ortho and para isomers is one
of the two intrinsic contributors to the ortho effect. The other
parameter determining the barrier is the difference in the
energies of the transitions states, GF o — G*Ima, reflecting the
degree of stabilization or destabilization upon moving R from the

para to the ortho position. As can be seen from Table 3, this
para—ortho “isomerization” of the AOARE transition state after
full optimization can be stabilizing (R = Me, MeO, Ac, CO,"),
destabilizing (R = Cl, CO,Et, CN, NO,, Br, CHO), or energy-
neutral (R = F). Importantly, however, the difference G°,,4, —
G°para i always larger than GFope — G*Pm, making the
corresponding AGjFPara — AG¥ 4, value positive and thereby
guaranteeing the ortho effect.

Of the total of 11 ortho-substituted iodobenzenes 0-RCH,I
studied (Table 3), six (R = F, CN, Br, Cl, MeO, Me) produce OA
transition states [A] TS, that are similar in geometry to their para-
isomeric congeners. In five other cases, however (R = NO,,
CO,Et, CHO, Ac, CO,”), the O atoms of the substituents
interact with the Cu center, forming chelate-like structures, as
shown in Figures 9 and 10. The Cu—O bond lengths in the
transition states, 2.48 A (CO,Ft), 2.44 A (NO,), 2.32 A (Ac),
and 2.14 A (CO,"), vary inversely with the corresponding AGH,
— AG*, 4, values (Table 3), ie., with the ortho effect. Even a
much weaker Cu---O interaction (3.04 A > the sum of the van der
Waals radii of Cu and O) found in the o-formyl-bearing transition
state lowers its energy by 0.8 kcal/mol in comparison with the
other conformer (Figure 10).

B DISCUSSION

The combined experimental and computational study shows that
the trifluoromethylation of aryl halides with CHF;-derived
CuCeF; is governed by a nonradical mechanism involving Ar—X
activation with Cu(I) as the rate determining step. The most
intriguing mechanistic feature of the reaction of the para-
substituted substrates is the abrupt change in the gradient on the
Hammett plot of log(kp/ky) versus o, (Figure 1, top). The two
excellent linear correlations, one for R = H, Me, t-Bu, MeO, CI,
and Br (p = +0.69) and the other for R = Cl, Br, CO,Et, Ac, CN,
and NO, (p = +1.83), within the same series might be an
indication of two different mechanisms operating in the reaction.
A nearly identical Hammett pattern was previously observed by
Foa and Cassar™ for the oxidative addition of chloroarenes ArCl
to [(Ph;P);Ni] and convincingly interpreted in terms of two
distinct reaction pathways. It was proposed* that for electron-
donating and weak electron-withdrawing substituents (¢ <
+0.23), a three-center concerted oxidative addition (p ~ 0) was
operational, whereas for the stronger electron-withdrawing
groups with ¢ > +0.23, SyAr (p = +8.8) governed the
transformation. Is this also the case with the reactions in the
current study?*®

The p values reported in the literature™'%*”~**5* for various
copper-mediated aromatic substitution reactions span a narrow
range of +0.1 to +1.1. The lower p value of +0.69 shown in Figure
1, top, is within this range. In contrast, the higher p of +1.83 is
unprecedented for this type of transformations and might deal
with an increase of electron density on the Cu(I) center, induced
by the CF, ligand.>” On the other hand, p = +1.83 is too low a
value for a reaction proceeding via a Meisenheimer inter-
mediate.”° For instance, p = +7.55 and +8.68 at 50 °C have been
reported®" for the methanolysis of para-substituted fluoro- and
chlorobenzenes. Furthermore, vastly different p values of +6.6
and +0.61 have been obtained*® for the phenoxylation reaction of
a series of substituted bromoarenes with PhOK in PhOH—
pyridine at 170 °C in the absence and in the presence of a Cu(I)
catalyst, respectively.

In contrast with Hammett’s 6,, the resonance parameter o,
correlates linearly with the entire set of log(kg/k;;) obtained for all
of the p-RC,H,I used in the study (Figure 1, bottom). The p

Sjy
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Figure 10. Computed AOARE transition states of 0-IC;H,CHO OA to [(DMF)CuCF;] with (left) and without (right) chelation.

value of +0.91 derived from the plot falls in the aforementioned resonance parameter ¢, is excellent (R*=0.99), suggesting that
range of +0.1 to +1.1 that is characteristic of Cu-mediated the transformation is governed by only one rather than two
coupling reactions of aryl halides. This linear correlation with the mechanisms and that there is substantial mesomeric interaction
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Table 4. Computed (MM and DFT) Energy Parameters for o- and p-RC¢H,I

contributions to strain, %

R G®ortho — G pary keal/mol (DFT)* E° ortho — E°parar kcal/mol (MM) van der Waals stretching bending torsion

Me 1.1 1.4 64 18 18

CN 0.8 1.2 70 13 17

MeO 0.6 0.7 83 21 —4

F 0.5 0.3 82 12 6

Cl 1.9 1.4 70 12 18

Br 2.1 1.7 67 12 21

CHO 2.8 2.5 60 17 23

Ac 5.1 4.9 10 S 12 73
CO,Et 4.5 4.7 21 8 22 49
NO, 54 4.4 S 4 11 80
CO,~ 2.5 4.8 29 10 24 37

“From Table 3.

between a —M substituent on the ring and the reaction center in
the transition state for the rate determining step.*®

Given the above, the question remains whether one or two
mechanisms are operational in the trifluoromethylation reaction
of haloarenes with the CuCF; depending on the nature of the
substrate. While without additional information this point would
be moot, our computational results provide a fairly straightfor-
ward answer to this question.

The computational data suggest that SyAr as well as SBM, SET
(both outer and inner sphere), and HAT mechanisms are
prohibitively high in energy. For Phl, both oxidative addition—
reductive elimination mechanisms, dissociative (DOARE, AG¥=
24.6 kcal/mol) and associative (AOARE, AGF = 21.9 kcal/mol),
display computed barriers that are in good agreement with the
estimated experimental value AG* = 24 kcal/mol at 298 K (see
the Supporting Information). However, DOARE predicts that
electron-enriched iodoarenes should undergo the trifluorome-
thylation faster than more electron-deficient ones, which is in
contradiction with the experimentally observed trend. On the
contrary, the AOARE pathway is delightfully consistent with the
experimental data obtained in all of the Hammett and ortho
effect studies.

The AOARE mechanism (Figure 4) shows no signs of a
Meisenheimer-type intermediate involved in the reaction. Highly
informative intimate details of the AOARE process are revealed
by the structure of the OA transition state [A]TS;. Although care
should be exercised when comparing intermediates and
transition states, it might be useful, in this particular case, to
juxtapose [A]TS; with structurally characterized Meisenheimer
complexes.”” The benzene ring in Meisenheimer intermediates
conventionally adopts a sofa conformation, and a roughly
tetrahedral geometry is observed at the sp*-hybridized ipso
carbon. In contrast, for all of the substrates studied in the current
work, the benzene ring in [A]TS, (Figure 6) shows virtually no
deviation from planarity, with the C—C—C ipso angle varying in
a narrow range of 121-—122° The nitro group in the p-
NO,Cg¢H,I-derived [A]TS, is coplanar with the benzene ring,
showing a noticeable contraction of the C—N bond (1.45 A) as
compared to the experimentally determined (1.472(3) A)*® and
computed (1.47 A) values for the reactant. This is a clear
indication that, in the transition state, the NO, group is involved
in an enhanced conjugative interaction with the z-system of the
benzene ring. A crude yet informative estimate of the magnitude
of 7-conjugation in [A] TS, can be obtained from some reported
structural data. The C—N bond distance of 1.45 A in [A]TS, for
p-NO,C¢H,I is longer than in the Meisenheimer complexes®>

and Domenicano’s classical quinoid-like structure of p-nitroani-
line (1.434(2) A),°*® yet comparable to that in p-nitroanisole
(1.450(6) A)®® with substantial cross-conjugation of the MeO
(+M) and NO, (—M) groups. The reaction center in [A]TS, is
therefore undoubtedly influenced by resonance effects of
substituents R on the ring, i.e., exactly the case where oy rather
than o, should be used for Hammett-type correlations.*® As there
cannot be resonance interactions between the ipso carbon and R
in the meta position, the excellent linear correlation with o, for
the m-RC¢H,I series (Figure 2) observed experimentally and
supported computationally provides additional evidence for the
AOARE pathway with [A]TS, as the key transition state.

All of the above points to the trifluoromethylation of aryl
halides with CuCF; being governed by a mechanism involving
OA of the Ar—X bond to the Cu(I) center as the rate determining
step, followed by Ar—CF; reductive elimination from the
resultant Cu(Ill) intermediate. Since the original work of
Cohen® in the mid-1970s, the Cu(I)/Cu(IlI) mechanism for
Cu-mediated/catalyzed reactions of haloarenes has received
substantial support, especially in recent years.33b_f’68_71 For all
18 para- and meta-substituted iodobenzenes used in the current
work, the found [A]TS; structures are all very much alike,
displaying no signs of variation in the reaction mechanism. This
also applies to the ortho-substituted substrates, which nonethe-
less should and will be considered separately in order to analyze
and discuss the ortho effect.

There are two ways to define the ortho effect. One definition is
the enhanced reactivity of an ortho-substituted haloarene in
comfarison with its unsubstituted phenyl halide analogue, i.e.,
AG*; — AG* ., (Tables 2 and 3). In this case, the contributions
from the steric and electronic factors to the ortho effect would be
particularly difficult to compare as the electronic effects of the
substituent R may appear vastly different from those of the
hydrogen atom. Alternatively, reaction rates of the ortho vs meta
or para isomers could be compared to quantify the ortho effect as
the difference in activation barriers AG¥, ., — AG¥, ., or
AG*Para — AG¥ 4o (Table 3), respectively. In these cases, the
same substituent possessing certain electronic properties is
present on the benzene ring of both substrates, albeit in different
positions. Use of AG™, .., — AG¥ ., is less preferred because
resonance effects of the substituent are not transmitted from the
meta position. Moving the group from the para to the ortho
position within the ring, however, might also result in a partial or
full loss of the conjugation from the sterics forcing the substituent
out of the plane. In addition, inductive effects are more efficiently
transmitted from the more proximal ortho rather than from the
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meta or para positions. Clearly, separating and quantifying steric
and electronic contributions to the overall ortho effect is
nontrivial, especially by solely experimental means. However, the
reactions under study are very weakly sensitive to electronic
effects of the substituents in general, as follows from the low p
values determined both experimentally and confirmed computa-
tionally. Furthermore, steric factors have a much greater impact
on the rate, as follows from a number of experimental
observations. For instance, the introduction of a weakly
electron-donating methyl group into an ortho position of
bromobenzene results in a 3.5-fold increase in the reaction rate
of the nucleophilic trifluoromethylation. In line with this,
iodobenzene is only ca. 20 times less reactive toward CuCF;
than p-nitroiodobenzene, whereas o-nitrobromobenzene reacts
4300 times faster than bromobenzene. It is therefore justified to
focus mainly on steric and coordination factors contributing to
the ortho effect.

In terms of AG*Fara — AG¥_ 4., the ortho effect is a sum of two
additives, the difference in the ground free energies of the ortho
and para isomers of the substrate G° o — G°para and the energy
difference between the corresponding transition states GF o —
G*Pm. As established previously® and confirmed in the current
study, a 1,2-disubstituted benzene always lies higher in energy
than its 1,4-isomer. To gain insight into the factors contributing
to the lower stability of ortho isomers, we performed molecular
mechanics (MM) calculations using the UFF method for the
ortho and para isomeric substrates studied in the current work.
As can be seen from Table 4, the trend observed in the DFT
studies is well-reproduced in the MM-derived E°,,, — E°pura
values. Depending on the size and the structure of the ortho
substituent, the strain imposed on the molecule varies in both the
magnitude and contributions from such interactions as van der
Waals repulsions, stretching, bending, and twisting about the C—
R single bond (torsional effects). For the monatomic (F, Cl, Br)
and smaller groups (CN, Me, MeO, CHO), the van der Waals
repulsion is the main source of the strain (ca. 60—85%) with the
stretching (ca. 12—21%) and bending (—4—23%) contributing
less, albeit noticeably. These effects raise the energy of the ortho
versus para isomer (E°y, — E®pra) by 0.3 keal/mol (F) to 2.5
kecal/mol (CHO), ultimately resulting in the weak to moderate
ortho effect. The bulkiest groups, Ac, CO,Et, and NO, that are
coplanar with the benzene ring when in the para position are
twisted in the ortho isomers (Table S; see also Figures 9 and 10)

Table 5. Computed (MM and DFT) Dihedral Angles between
the Planes of the Benzene Ring and R in RC4H,I

R DFT MM
ortho-CO,Et 40 29
para-CO,Et 0 0
ortho-NO, 42 41
para-NO, 0 0
ortho-Ac 31 36
para-Ac 0 0
ortho-CO,~ 82 25
para-CO,~ 2 0

to alleviate the repulsion from the neighboring halogen atom.
Accordingly, the torsion effect becomes the largest contributor
(ca. 50—80%) to the overall strain, with the biggest E° .., —
E°,,. difference observed (4.4—4.9 kcal/mol). Note that the
smaller formyl group is coplanar with the aromatic ring for both
orientations toward the iodine atom.
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ortho and para isomers of RC;H,L.

The strain accumulated in the ground state of the aryl halide
results in the weakening of the carbon—halogen bond, as follows
from Figure 11 showing correlation between G° o — G°pqra and
the difference in C—I bond dissociation free energy
ABDEFE,;, oo computed for the same series of the ortho and
para isomers of RCsH,I. The factors causing the molecular strain
in the ground state (Table 4) are likely preserved, with a certain
degree of fidelity, in the OA transition state since the latter does
not exhibit significant additional distortions within the aromatic
moiety. This hypothesis receives support from the plot in Figure
12 showing that AG*},ara — AG* 4, (ortho effect) vary directly
with C—I ABDFE

‘para—ortho*

o
5]

y=0.84 Ac
R2=0.81

o
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1
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Figure 12. Plot of AGipara — AG* ., (ortho effect) vs C-I
ABDFE, ;. o, computed for the activation barriers of OA of o-
RC¢H,I and p-RC4H,I to [(DMF)CuCF;].

The above shows that, apart from the evidently minor
contributions of electronic factors, the ortho effect is largely
determined by two parameters. One is the effective steric bulk of
the ortho substituent that raises the innate free energy of the
substrate by introducing molecular strain and, as a result,
weakening the bond to be broken in the rate determining step of
the reaction. The other factor deals with the ability of the
functional group in the ortho position to interact with the metal
center in the transition state, thereby stabilizing it and
consequently lowering the overall barrier to the transformation.
The strength of this coordination for R = CHO, CO,Et, NO,, Ac,
and CO,™ ultimately translating into the ortho effect varies in a
broad range and may be quantified by the Cu—O distance in the
transition state. As discussed above, the magnitude of the ortho
effect in terms of the AG¥; — AG¥,,, or AGF ., — AG¥

para ortho
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values (Table 3) correlates with the strength of the Cu--O
interaction, ie., inversely with the distance between the two
atoms: CHO (3.04 A) < CO,Et (2.48 A) < NO, (244 A) < Ac
(232 A) < CO,” (2.14 A).

In the discussion above, the carboxyl group prompting by far
the strongest ortho-effect is somewhat set aside from, and not as
frequently included in the quantitative comparisons as, CHO,
CO,Et, NO,, and Ac. This was done intentionally because, unlike
in the case of all other ortho substituents in the current study,
efficient coordination of the carboxyl to the Cu center involves
O—H ionization. Consequently, the ortho-halobenzoic acid
substrates were modeled in the current work as the
corresponding carboxylate anions. Proton transfer from the
carboxyl is not expected to be energetically demanding under the
experimentally used conditions, particularly in the presence of
Et;N (see above). However, for the sake of consistency of the
data, the acid—base equilibria involved in the trifluoromethyla-
tion of o-halobenzoic acids were excluded from consideration in
the computational studies. This simplification neither influences
any of the conclusions nor alters the new level of understanding
of the ortho effect reached in the current study.

B SUMMARY AND CONCLUSIONS

The trifluoromethylation reaction of a variety of aryl halides with
fluoroform-derived CuCF; has been studied by experimental
(radical clock, kinetic, Hammett correlation) and computational
(DFT, MM) means. The combined data set points to a
bimolecular process involving Ar—X oxidative addition to
DMEF-stabilized CuCFj; as the rate determining step, followed
by Ar—CF; reductive elimination from a Cu(Ill) intermediate.
The computed barrier for the trifluoromethylation of iodoben-
zene (AGF = 21.9 kcal/mol at 298 K) is in good agreement with
the experimental value of AG¥ = 24 kcal/mol at 298 K. A radical
mechanism has been ruled out on the basis of both experimental
and computational data. The latter have also shown prohibitively
high barriers to SET (both outer and inner sphere) as well as
classical SyAr, SBM, and HAT processes previously proposed in
the literature for some other Cu-mediated coupling reactions of
aryl halides. Most remarkably, the DFT calculations have
successfully reproduced the striking results of the experimental
Hammett studies.

The Ar—CF; bond forming reaction of ArX with CuCF; is
weakly sensitive to substituents in the para and meta positions of
the aromatic ring. The Hammett study of a series of 8 meta-
substituted iodoarenes m-RC4H,I (R = H, Me, MeO, CO,Et,
CHO, Cl, CN, and NO,) has produced an excellent linear
correlation between log(kg/ky) and o, (p = +0.97). Most
unexpectedly, however, a sharp change in the gradient has been
observed on the Hammett plot of log(kp/ky) versus o, for a
series of 11 para-substituted iodoarenes. Two linear correlations
with 6, one for R = H, Me, -Bu, MeO, Cl, and Br (p = +0.69)
and the other for R = F, Cl, Br, CO,Et, Ac, CN, and NO, (p =
+1.83), could be generated within the same series (Figure 1, top).
While we are unaware of such Hammett dualism reported for Cu-
catalyzed/promoted coupling reactions, a strikingly similar effect
has been observed by Foa and Cassar for the oxidative addition of
substituted chlorobenzenes to [(Ph,P);Ni].* In that report, the
two linear Hammett plots within the same series of substrates
were convincingly interpreted in terms of two distinct reaction
mechanisms, a three-center concerted oxidative addition (p ~ 0)
for electron-donating and weak electron-withdrawing substitu-
ents, and SyAr (p = +8.8) for stronger electron-acceptors with ¢
> +0.23. As tempting as it could be to rationalize the current
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results in a similar way, an in-depth analysis of the data suggests
that, regardless of the nature and position of a substituent on the
ring, there is only one reaction pathway for the transformation.
For solving the mysterious “one or two mechanisms” dilemma, it
has been critical to find a single linear correlation (p = +0.91; R*=
0.99) of the entire set of log(kp/ky) with the resonance
parameter ¢, in place of &, (Figure 1, bottom). Indicative of
only one mechanism with considerable resonance interaction
between the reaction center and the substituent, this
interpretation has received strong support from (i) comparative
analysis of the experimental p values; (ii) unambiguous signs of
enhanced —M effects of the substituent in the transition state for
the Ar—I oxidative addition; (iii) close similarity of the transition
states regardless of substituents in the meta or para positions; and
(iv) remarkably faithful reproduction of the Hammett plot by the
DFT data.

We have also performed the first detailed study of the ortho
effect, a long-known and broadly used in synthesis, yet poorly
understood phenomenon of the enhanced reactivity of ortho-
substituted aryl halides in Cu-mediated/catalyzed coupling
reactions. In the current work, the ortho effect has been
quantified, for the first time, for the reaction of CuCF; with a
series of 0-RC4H,Br using the competitive kinetics method to
produce the following relative rate constants kg/k: H (1) < Me
(3.5) < MeO (4) < CN (20) < CHO (250) < CO,Me (850) <
NO, (4300) < Ac (7300) < CO,H (150 000). This order of
reactivity determined experimentally and reproduced by DFT
calculations cannot be rationalized solely in terms of chelation as
has been proposed previously. The positive p values obtained by
us and reported by others for a variety of Cu-mediated reactions
of haloarenes suggest that electron donation from the methyl and
methoxy groups in the ortho position should slow down the
reaction. In fact, the opposite is observed experimentally,
pointing to the minor role of electronic factors in the ortho
effect. Similarly, p-nitroiodobenzene is only ca. 20 times more
reactive than iodobenzene, whereas o-nitrobromobenzene reacts
4300 faster than bromobenzene.

The ortho effect is largely determined by two parameters. One
is the chelation proposed in some previous reports, albeit without
any evidence. Coordination of an ortho substituent to the Cu
center stabilizes the transition state for the Ar—X oxidative
addition, thus lowering the overall barrier for the transformation.
The efficacy of the Cu---O interaction measured as the computed
distance between the two atoms for CHO (3.04 A) > CO,Et
(2.48 A) > NO, (244 A) > Ac (232 A) > CO,” (2.14 A)
determines the magnitude of the ortho effect in terms of the
AG*; — AG*,,, or AG*Para — AG*,, values. There is,
however, another key contributor to the ortho effect. The steric
bulk of the o-substituent raises the ground state free energy of the
haloarene (G0 = G®para OF G%ono — G°y) by introducing
molecular strain and consequently weakening the Ar—X bond to
be broken in the rate determining step. Apart from the rather
insignificant electronic effects (see above), this ground state
energy factor is apparently the only one bringing about the ortho
effect in the case of nonchelating groups, such as Me, MeO, CN,
Cl, Br, etc.

The experimental and computational results obtained in this
work shed light on the mechanism of the highly important
trifluoromethylation of aryl halides with CuCF;. Furthermore,
the studies performed in the current work take us to the next level
of understanding of the ortho effect in the chemistry of Cu-
catalyzed/mediated coupling reactions of aryl halides. It is hoped
that the deeper mechanistic insights stemming from the current
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study will be useful for further advances in both basic and applied
research.

B EXPERIMENTAL SECTION

All chemicals, solvents, and deuterated solvents were purchased from
Aldrich, Alfa Aesar, Apollo Scientific, TCI, and Acros chemical
companies. Anhydrous DMF (Alfa Aesar or from an MBraun SPS)
and acetonitrile (distilled from P,Og under argon) were stored over
freshly calcined 4 A molecular sieves in a glovebox. Fluoroform-derived
CuCF; was prepared in DMF and stabilized with Et;N-3HF (!/; mol per
mol CuCF;), as reported previously.’*® A literature procedure’> was
used to synthesize l-allyloxy-2-iodobenzene. NMR spectra were
recorded on a Bruker Avance 400 Ultrashield spectrometer at 25 °C.
Quantitative '’F NMR analyses were carried out with D1 = 5 s. An
Agilent Technologies 7890A chromatograph equipped with a 5975C
MSD unit was used for GC—MS analysis.

Reaction of CuCF; with 1-Allyloxy-2-iodobenzene (Radical
Clock). In a glovebox, the CuCF; reagent in DMF (0.38 M, 0.6 mL, 0.23
mmol) was added to a mixture of 4,4’-difluorobiphenyl (internal
standard, 16 mg, 0.08 mmol) and 1-allyloxy-2-iodobenzene (296 mg,
1.14 mmol). The resultant solution was sealed in an NMR tube, brought
out, and kept at room temperature for 1 day. Quantitative '’F NMR
analysis indicated the formation of I-allyloxy-2-(trifluoromethyl)-
benzene™ in 60% yield (5 = —61.4 ppm, singlet) at 70% conversion
of the CuCF;. No cyclized product®® was detected in the reaction
solution (’F NMR, GC—MS).

Determination of Reaction Orders by the Method of Initial
Rates. All reactions were run to 10—20% conversion. For specifics, see
Supporting Information Table S1. For experiments with liquid aryl
halides, 4,4'-difluorobiphenyl (internal standard, 16 mg, 0.08 mmol)
was weighed into a 5 mm glass NMR tube in air. The NMR tube was
brought to an argon-filled glovebox and charged with CuCF; in DMF
(0.38 M) or with CuCF; in DMF (0.38 M) and pure DMF or MeCN or
both for dilution. The total volume of the solution was 0.6 mL in all
cases. The tube was sealed with a rubber septum and brought out. A
liquid haloarene was added via microsyringe (Supporting Information
Table S1), and kinetic measurements on the sample by ’"F NMR were
started immediately. For experiments with solid aryl halides, a haloarene
and the internal standard, 4,4'-difluorobiphenyl (16 mg, 0.08 mmol),
were weighed into a S mm glass NMR tube in air. The tube was brought
to an argon-filled glovebox and either sealed with a rubber septum and
brought out, or first charged with DMF, or MeCN, or both (Supporting
Information Table S1) and then sealed and brought out. 'F NMR
quantitative measurements on the sample were commenced immedi-
ately after a solution of CuCF; in DMF (0.38 M) was syringed in.

Determination of kg/ky for Para- and Meta-Substituted Aryl
lodides. See Supporting Information Table S2 for specifics. In an
argon-filled glovebox, the CuCF; reagent in DMF (0.38 M, 0.1 mL, 0.04
mmol) was added to a S mm glass NMR tube containing a solution of
PhI (43 uL, 0.38 mmol) and an aryl iodide (0.38 mmol) in DMF (0.5
mL). The tube was sealed with a rubber septum and its contents were
thoroughly shaken. Quantitative '’F NMR analysis of the sample was
performed ca. 30 min after mixing the reagents. The experiments were
repeated with a mixture of MeCN (0.3 mL) and DMF (0.2 mL) in place
of S mL of pure DMF. No significant difference in the relative reactivity
was noticed. As m-CF;C4H,OMe and PhCF; exhibit very similar '°F
NMR chemical shifts, the relative reactivity of m-IC{H,OMe was
determined in a similar experiment using m-IC;H,CHO (48 uL, 0.38
mmol) in place of PhL. The m-CF;C¢H,OMe to m-CF;C4H,CHO ratio
determined in this experiment was 1:2.

Determination of kg/ky, for Ortho-Substituted Aryl Bromides.
Details for PhBr versus 0-BrC4H,R (R = Me, MeO, CN) follow. In a
glovebox, to a solution of 0-BrC¢H,Me (purity 99%, 0.23 mL, 1.85
mmol) and PhBr (purity 99%, 0.2 mL, 1.85 mmol) in DMF (0.2 mL)
placed in a S mm glass NMR tube was added the CuCF; reagent in DMF
(0.37M, 0.5 mL, 0.19 mmol). The tube was sealed with a rubber septum,
and its contents were thoroughly shaken. Quantitative '’F NMR analysis
of the sample was performed 24 h after mixing the reagents. The reaction
mixture was diluted with ether (2 mL), washed with water (5 mL), and
analyzed by "’F NMR. The PhCF; (—61.7 ppm) to o-MeCH,CF,

(—60.6 ppm) ratio was 1:3.5. This procedure was repeated first with o-
BrC¢H,OMe (purity 98%, 0.24 mL, 1.85 mmol) in place of 0-BrC;H,Me
and then with 0-BrC4H,CN (purity 99%, 340 mg, 1.85 mmol) in place of
0-BrC¢H,Me. The PhCF; to 0-MeOC¢H,CF; (—61.3 ppm) and to o-
NCCH,CF; (—60.9 ppm) ratios were 1:4 and 1:20, respectively.
Details for 0-BrC¢H,CHO versus 0-BrCsH,R (R = CN, CO,Me) follow.
In a glovebox, to a solution of 0-BrCqH,CHO (purity 98%, 0.09 mL,
0.74 mmol) and 0-BrC¢H,CN (136 mg, 0.74 mmol) in DMF (0.5 mL)
placed in a S mm NMR tube was added the CuCF; reagent (0.37 M, 0.2
mL, 0.07 mmol). The tube was sealed with a rubber septum, and its
contents were thoroughly shaken. Quantitative '’F NMR analysis of the
sample was performed 1 h after mixing the reagents. The reaction
mixture was diluted with ether (2 mL), washed with saturated aqueous
solution of Na,CO; (5 mL), and analyzed by F NMR. The o-
CF;C¢H,CN (—60.9 ppm) to 0-CF;C¢H,CHO (—54.7 ppm) ratio was
1:12. This procedure was repeated with 0-BrC;H,CO,Me (purity 98%,
0.11 mL, 0.74 mmol) in place of 0-BrC¢H,CN. The o-CF,C¢H,CHO to
0-CF,C,H,CO,Me (—58.7 ppm) ratio was 1:3.5. Details for o-
BrC¢H,CO,Me versus 0-BrC;H,NO, follow. In a glovebox, to a
solution of 0-BrC¢H,NO, (purity 98%, 76 mg, 0.37 mmol) and o-
BrC¢H,CO,Me (53 L, 0.37 mmol) in DMF (0.5 mL) placed in a S mm
NMR tube was added the CuCF; reagent (0.37 M, 0.1 mL, 0.04 mmol).
The tube was sealed with a rubber septum, and its contents were
thoroughly shaken. Quantitative '’F NMR analysis of the sample
performed 30 min after mixing the reagents indicated the o-
CF,C¢H,CO,Me (—58.7 ppm) to 0-CF;CH,NO, (—59.1 ppm) ratio
of 1:5. Details for 0-BrCqH,NO, versus 0-BrCsH,Ac follow. In a
glovebox, to a solution of 0-BrC¢H,Ac (purity 99%, 0.1 mL, 0.74 mmol)
and 0-BrC;H,NO, (153 mg, 0.74 mmol) in DMF (0.5 mL) placedina §
mm NMR tube was added the CuCF, reagent (0.37 M, 0.2 mL, 0.074
mmol). The tube was sealed with a rubber septum, and its contents were
thoroughly shaken. Quantitative 'F NMR analysis of the sample
performed 30 min after mixing the reagents indicated the o-
CF;C¢H,NO, (—59.1 ppm) to 0-CF;C4H,Ac (—57.3 ppm) ratio of
1:1.7. Details for 0-BrC¢H,Ac versus 0-BrCH,R (R = CO,H and NO,)
follow. In a glovebox, to a solution of 0-BrC¢H,CO,H (purity 97%, 77
mg, 0.37 mmol), 0-BrC¢H,Ac (0.05 mL, 0.37 mmol), and 0-BrCH,NO,
(76 mg, 0.37 mmol) in DMF (0.5 mL) placed in a S mm NMR tube was
added the CuCF; reagent (0.37 M, 0.1 mL, 0.04 mmol). The tube was
sealed with a rubber septum, and its contents were thoroughly shaken.
Quantitative "’F NMR analysis of the sample performed 10 min after
mixing the reagents indicated the 0-CF;CH,NO, (—59.1 ppm) to o-
CF;C¢H,Ac (—57.3 ppm) to 0-CF;C,H,CO,H (—58.3 ppm) ratio of
1:2.5:52. Note that the 0-CF;C¢H,NO, (—59.1 ppm) to 0-CF;C¢H,Ac
(—57.3 ppm) ratio of 1:2.5 differs slightly from that (1:1.7) determined
in the experiment described above. This minor difference deals with the
integration error being considerably larger than the standard value of ca.
10% for weak signals. Therefore, the more accurate 1:1.7 ratio obtained
in the previous experiment (0-BrC¢H,NO, vs 0-BrC¢H,Ac) was used for
the order of reactivity.

Computational Details. All DFT calculations were carried out
using the Gaussian suite of programs.”> The geometries were fully
optimized without any constraints with dispersion-corrected B3LYP-D
functional” and ultrafine integration grid. Solvent effects were taken
into account by means of the implicit polarizable continuum model
(PCM) and DMEF as a solvent (& = 37.219).”° Copper and all halogen
atoms except fluorine were described with Stuttgart RECPs and
associated basis sets’® augmented with additional polarization functions
on Cl, Br, and I centers ({4 = 0.640, 0.428, and 0.289, respectively).77
Standard full electron Pople’s basis set 6-31+G(d) was used for all other
atoms.”® This basis set combination is denoted as BS1. All computed
structures were characterized as local stationary points via analytical
frequency calculations at the standard state (298.15 K, 1 atm). For
saddle points, intrinsic reaction coordinate (IRC) analysis’® with the
subsequent geometry optimization was performed to verify that they are
linked by the corresponding minima on the potential energy surface.
Additional single-point calculations based on B3LYP-D/BS1 optimized
geometries were performed with a double hybrid mPW2PLYPD
functional® and a larger basis set combination denoted as BS2. This
includes the same ECP and basis set for Cu, Cl, Br, and I with added f-
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orbital polarization on Cu ({; = 3.525).%! For the first and second row
elements, the all-electron 6-311++G(2d,p) basis set was employed.**
These mPW2PLYPD/BS2 energies modified by the Gibbs free energy
correction from B3LYP-D/BS1 calculations were conducted to describe
the reaction energies throughout the study. The UFF method as
implemented in Gaussian 09 was used to perform the MM
calculations.®®
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