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Abstract: The detailed mechanism for the diboration of aldehydes catalyzed by (NHC)Cu(boryl)
complexes (NHC = N-heterocyclic carbene) was studied with the aid of DFT by calculating the relevant
intermediates and transition states. The results show that the catalyzed diboration occurs through
aldehyde insertion into Cu—B to give a Cu—O—C(boryl) species followed by o-bond metathesis with
a diboron reagent. It is the “electron-richness”, that is, the nucleophilicity of the Cu—boryl bond, which
gives rise to a small insertion barrier and determines the direction of insertion. The results of our
calculations also explain the formation of the product, observed experimentally, from the stoichiometric
reaction of (IPr)Cu-Bpin (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) with mesitylaldehyde.
In the absence of a diboron reagent, the insertion intermediate having a Cu—O—C(boryl) linkage
isomerizes to the thermodynamically preferred Cu—C—O(boryl) isomer via a boryl migration to the
metal-bonded oxygen through an Sg2-like transition state. We have also studied the catalyzed diboration
of 2-pyridinecarboxaldehyde, which gives the unexpected reductive coupling product 1,2-di-2-pyridyl-
1,2-bis(pinacolboroxy)ethane. The insertion intermediate, which contains a coordinated pyridyl group,
isomerizes easily to a 1,2-dihydropyridine form, preventing its metathesis with a diboron reagent to

give the expected diboration product as observed for other aldehyde substrates.

Introduction

Transition metal boryl complexes' have attracted considerable
interest because of their role in catalyzed hydroboration,
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diboration, dehydrogenative borylation, and other B—X addition
reactions to unsaturated organics®™* as well as the catalyzed
borylation of C—H bonds in alkanes and arenes.”® Recently,
Sadighi and co-workers reported the diboration of aldehydes
catalyzed by N-heterocyclic carbene-ligated copper boryl com-
plexes, (NHC)Cu(boryl) (eq 1).” Related diboration reactions
of thiocarbonyls and ketimines catalyzed by the Wilkinson
catalyst RhCI(PPhs); were also reported by Baker and Westcott
et al.® In the study of the diboration of aldehydes, it was found
that the stoichiometric reaction of (IPr)Cu-Bpin (IPr = 1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene) with mesitylal-
dehyde gave (IPr)Cu-CHAr(OBpin) (Ar = 2,4,6-Me;CgH>) 1,
a species containing a Cu—C ¢ bond (eq 2).” The result of the
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57, 503. (c) Ishiyama, T.; Miyaura, N. J. Organomet. Chem. 2000,
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Dembitsky, V. M.; Ali Abu, H.; Srebnik, M. Adv. Organomet. Chem.
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Moberg, C. Chem. Rev. 2006, 106, 2320. (h) Ramirez, J.; Lillo, V.;
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Int. Ed. Engl. 1995, 34, 115. (c) Widauer, C.; Griitzmacher, H.; Ziegler,
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M. Appl. Organomet. Chem. 2003, 17, 327.
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stoichiometric reaction is intriguing. Earlier studies showed that
CO; inserts into the Cu—Me bond of (IPr)Cu(Me) at room
temperature to give (IPr)Cu(;'-0,CCHj), a species containing
a Cu—O0 bond, rather than a Cu—C ¢ bond.’ In our theoretical
study of the mechanism for the reduction of CO, to CO
catalyzed by copper(I) boryl complexes, a reaction also reported
by Sadighi and co-workers,'® we found that the Bpin ligand is

(5) (a) Iverson, C. N.; Smith, M. R. J. Am. Chem. Soc. 1999, 121, 7696.
(b) Waltz, K. M.; Hartwig, J. F. J. Am. Chem. Soc. 2000, 122, 11358.
(c) Chen, H.; Schlecht, S.; Semple, T. C.; Hartwig, J. F. Science 2000,
287, 1995. (d) Cho, J.-Y.; Iverson, C. N.; Smith, M. R., IIT J. Am.
Chem. Soc. 2000, 122, 12868. (e) Tse, M. K.; Cho, J.-Y.; Smith, M. R,
IIT Org. Lett. 2001, 3, 2831. (f) Ishiyama, T.; Ishida, K.; Takagi, J.;
Miyaura, N. Chem. Lett. 2001, 1082. (g) Shimada, S.; Batsanov, A. S.;
Howard, J. A. K.; Marder, T. B. Angew. Chem., Int. Ed. 2001, 40,
2168. (h) Cho, J.-Y.; Tse, M. K.; Holmes, D., Jr.; Smith, M. R. Science
2002, 295, 305. (i) Ishiyama, T.; Tagaki, J.; Ishida, K.; Miyaura, N.;
Anastasi, N. R.; Hartwig, J. F. J. Am. Chem. Soc. 2002, 124, 390. (j)
Kondo, Y.; Garcia-Cuadrado, D.; Hartwig, J. F.; Boaen, N. K.; Wagner,
N. L.; Hillmyer, M. A. J. Am. Chem. Soc. 2002, 124, 1164. (k) Takagi,
J.; Sato, K.; Hartwig, J. F.; Ishiyama, T.; Miyaura, N. Tetrahedron
Lett. 2002, 43, 5649. (1) Ishiyama, T.; Takagi, J.; Hartwig, J. F.;
Miyaura, N. Angew. Chem., Int. Ed. 2002, 41, 3056. (m) Wan, X.;
Wang, X.; Luo, Y.; Takami, S.; Kubo, M.; Miyamoto, A. Organo-
metallics 2002, 21, 3703. (n) Webster, C. E.; Fan, Y.; Hall, M. B;
Kunz, D.; Hartwig, J. F. J. Am. Chem. Soc. 2003, 125, 858. (0) Lam,
W. H.; Lin, Z. Organometallics 2003, 22, 473. (p) Tamura, H.;
Yamazaki, H.; Sato, H.; Sakaki, S. J. Am. Chem. Soc. 2003, 125,
16114. (q) Ishiyama, T.; Miyaura, N. J. Organomet. Chem. 2003, 680,
3. (r) Kurotobi, K.; Miyauchi, M.; Takakura, K.; Murafuji, T.;
Sugihara, Y. Eur. J. Org. Chem. 2003, 3663. (s) Ishiyama, T.; Nobuta,
Y.; Hartwig, J. F.; Miyaura, N. Chem. Commun. 2003, 2924. (t)
Ishiyama, T.; Takagi, J.; Yonekawa, Y.; Hartwig, J. F.; Miyaura, N.
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also nucleophilic, preferentially attacking the carbon atom of
the coordinated CO, ligand, forming C—B and Cu—O bonds,
rather than Cu—C and O—B ¢ bonds."! Clearly, there is a
somewhat inconsistent picture regarding the insertion of a
carbonyl unit into a Cu—B bond.

For the aldehyde insertion chemistry, we therefore also
considered the possible rearrangement of a species containing
a Cu—O o bond to another species containing a Cu—C o bond
(eq 3). Following our discussions, Sadighi and co-workers
carried out an additional experiment, reacting (IPr)CuMe with
(Ar)(Bpin)(H)C(OH) (eq 4).” Tt was originally anticipated that
this would lead to the formation of the alternative regioisomer
1' containing a [Cu—O—C—B] linkage because reaction of
(IPr)CuMe with ROH was known to give (IPr)Cu(OR) and
CH.,.'? Instead, the reaction gave 1 as the observed product.
The result of the additional stoichiometric reaction provides
support for our proposal of the possible rearrangement. In this
work, we set out to investigate the detailed reaction mechanism
of the copper-catalyzed diboration of aldehydes with the aid of
density functional theory (DFT) calculations. Our results explain
the apparent inconsistency and have allowed us to examine the
mechanism of the rearrangement. A clear understanding of the
reaction mechanism should lead to more efficient synthetic
strategies.

o] (ICy)Cu(Bpin) OBpin
+ Boping ——m . (1

RJ\H o) Bpin
Bpin = B, :t
O

ICy = 1,3-dicyclohexylimidazol-2-ylidene

o OBpin
)k + (IPnCuBping ——  (pncu——H 2)
Ar H Ar

Ar = 2,4,6-MesCeHy 1

IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene

o
)K + (NHC)Cu(Bpin) ———
R H Bpin
\C/R OBpin
~
(NHe)ou—0" H ———  (NHe)ou—-H (3)
rearrangement R
pinB H
(IPr)Cu—Me + Ar— 4)
HO OBpin Bpin
gPrcu——H | not (!Pr)Cu~OTLH
Ar Ar
1 1

Computational Details

Molecular geometries of the model complexes were optimized
without constraints via DFT calculations using the Becke3LYP
(B3LYP)'? functional. Frequency calculations at the same level of
theory have also been performed to identify all stationary points
as minima (zero imaginary frequencies) or transition states (one

(10) Laitar, D. S.; Muller, P.; Sadighi, J. P. J. Am. Chem. Soc. 2005, 127,
17196.

(11) Zhao, H. T.; Lin, Z. Y.; Marder, T. B. J. Am. Chem. Soc. 2006, 128,
15637.

(12) Goj, L. A.; Blue, E. D.; Munro-Leighton, C.; Gunnoe, T. B.; Petersen,
J. L. Inorg. Chem. 2005, 44, 8647.

(13) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Miehlich, B.;
Savin, A.; Stoll, H.; Preuss, H. Chem. Phys. Lett. 1989, 157, 200. (c)
Lee, C.; Yang, W.; Parr, G. Phys. Rev. B 1988, 37, 785. (d) Stephens,
P. J.; Devlin, F. J.; Chabalowski, C. F. J. Phys. Chem. 1994, 98, 11623.
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CH ||
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(NHC)Cu— o -
NHC™  “ppin
pinB
(NHC)Cu— O |somer|zat|on (NHC)Cu— C\H2
pinB—Bpin Hy, in the absence 0
plnB of Bypin, pinB
3A 5A

imaginary frequency) and to provide free energies at 298.15 K
which include entropic contributions by taking into account the
vibrational, rotational, and translational motions of the species under
consideration. Intrinsic reaction coordinates (IRC)'* were calculated
for the transition states to confirm that such structures indeed
connect two relevant minima. The 6-311G* basis set'> was used
for B and atoms in the O=C moiety of the aldehyde, while the
6-311G* Wachters—Hay basis set'®!” was used for Cu. The 6-31G
basis set was used for other atoms. The effect of solvent was
examined by performing single-point self-consistent reaction field
(SCRF) calculations based on the polarizable continuum model
(PCM)'® for several selected gas-phase-optimized species. Benzene
was used as the solvent, corresponding to the experimental
conditions, and the atomic radii used for the PCM calculations were
specified using the UAKS keyword. The results show that the
solvent effect is small. For example, without the solvation energies,
the relative electronic energies of 1A, 2A, TSa-3), 3A, TSau-s),
SA, TSB(2.3), TSA(5.1), and TSA(6.7) are 00, _16.8, _3.8, _32.2,
—4.2, —47.0, 17.7, —39.9, and —35.8 kcal/mol, respectively. With
the solvation energies included, the relative solvation-corrected
electronic energies are 0.0, —15.3, —4.2, —32.6, —5.0, —46.5, 18.6,
—36.9, and —34.3 kcal/mol, respectively. All calculations were
performed with the Gaussian 03 software package.'?

Results and Discussion

In this paper, we examine the detailed reaction mecha-
nism for the Cu-catalyzed diboration of aldehydes via DFT
calculations, using the model catalyst [(NHC)Cu{Beg}] {NHC
= 1,3-dimethylimidazol-2-ylidene; eg (ethyleneglycolato) =
—OCH,;CH;0—}, in which the substituents at N in the NHC
carbene ligand and the methyl groups in the Bpin ligand were
replaced by CH3 and H, respectively. Boeg, was used to model
B,pin,, and formaldehyde was used as the model substrate.

On the basis of our calculations, the catalytic cycle shown in
Scheme 1 is formulated. Diboration of aldehydes involves two
important steps, that is, aldehyde insertion into the Cu—B bond
of 1A followed by metathesis between 3A and Breg,. The
experimental observation from the stoichiometric reaction shown
in eq 2 can be explained as follows. Aldehyde insertion into

(14) (a) Fukui, K. J. Phys. Chem. 1970, 74, 4161. (b) Fukui, K. Acc. Chem.
Res. 1981, 14, 363.

(15) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. J. Chem. Phys.
1980, 72, 650.

(16) Wachters, A. J. H. J. Chem. Phys. 1970, 52, 1033.

(17) Hay, P. J. J. Chem. Phys. 1977, 66, 4377.

(18) (a) Tomasi, J.; Mennucci, B.; Cammi, R. Chem. Rev. 2005, 105, 2999.
(b) Miertus, S.; Scrocco, E.; Tomasi, J. Chem. Phys. 1981, 55, 117.

(19) Frisch, M. J. et al. Gaussian 03, revision B05; Gaussian, Inc.:
Pittsburgh, PA, 2003.
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the Cu—B bond of (IPr)Cu-Bpin gives (IPr)Cu—O—CHArBpin
as the kinetic product, which isomerizes to the thermodynami-
cally stable complex (IPr)Cu-CHAr(OBpin) in the absence of
szinz.

In Figure 1, and the following figures that contain potential
energy profiles, calculated relative free energies (kcal/mol) and
relative electronic energies (kcal/mol, in parentheses) are
presented. The relative free energies and relative electronic
energies are similar in cases where the number of reactant and
product molecules is equal, for example, one-to-one or two-to-
two transformations, but differ significantly for one-to-two or
two-to-one transformations because of the entropic contribution.
In this paper, relative free energies are used to analyze the
reaction mechanism. It should be noted here that the entropic
contribution to the free energies based on the gas-phase
calculations is overestimated for those steps involving substrate
association or dissociation. Recent discussions on the overes-
timation can be found in the literature.?® As one will see later,
the important steps that affect the conclusions made in this study
are not those involving substrate association or dissociation.

Figure 2 shows the optimized structures with selected
structural parameters for the species involved in this catalytic
cycle. In Figure 2, the calculated structures of the model
complexes 1A and SA are compared with their corresponding
experimental ones. Calculated geometric parameters for SA,
Cu—C = 1934 A, C—0 = 1.485 A, O—B = 1.324 A, agree
well with experimentally determined values for the (IPr)CuCH-
(Ph)OBpin complex, Cu—C = 1.947 A, C—0 = 1.464 A, O—B
= 1.352 A, thus confirming that the basis sets are adequate for
present study. The calculated C—O bond is slightly longer than
the experimentally measured C—O bond, while O—B is slightly
shorter, the errors being within 0.03 ;A, which are acceptable.

In Figure 1, Path A gives the energy profiles relevant to the
catalytic cycle shown in Scheme 1, while Path B shows the
energy profile calculated for insertion of aldehyde into the Cu—B
bond of 1A directly giving SA, a model complex of (IPr)Cu-
CHATr(OBpin). The energy profiles clearly show that insertion
of aldehyde into the Cu—B bond of 1A directly giving SA is
much less favorable than formation of SA via the sequence of
1A — 2A — 3A — 4A — 5A in Path A.

The first step in Path A is aldehyde coordination to the copper
center of 1A forming 5*-aldehyde intermediate 2A. From 2A,
the coordinated aldehyde inserts into the Cu—B bond to give
3A with a barrier of 12.8 kcal/mol. The step 1A — 3A is
exergonic by 17.0 kcal/mol. From 3A, two pathways have to
be considered. In the presence of a diboron reagent (e.g., Bopiny),
which is the case for the catalytic reactions, coordination of
Breg, to 3A gives an adduct 4A’, which has a B—O Lewis
acid-base bond between one boron atom of B,eg, and the metal-
bonded oxygen. Through a o-bond metathesis-like step via the
transition state TSa—1), the catalyst 1A is regenerated and
diboration product Beg-OCH,-Beg is formed with a relatively
small barrier of 6.4 kcal/mol. The catalyzed diboration of
formaldehyde is exergonic by 36.2 kcal/mol, and the aldehyde
insertion (conversion of 2A to 3A) is the rate-determining step.

In the absence of B,(OR)4, which is the case for the
stoichiometric reaction (eq 2), the kinetic product 3A undergoes
a structural rearrangement to give the slightly less stable
intermediate, 4A, with a very small barrier of 4.8 kcal/mol
through a simple rotation of the CH,Beg group around the

(20) (a) Braga, A. A. C.; Ujaque, G.; Maseras, F. Organometallics 2006,
25,3647. (b) Tuttle, T.; Wang, D. Q.; Thiel, W. Organometallics 2006,
25, 4504.
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Figure 1. Energy profiles of Paths A and B calculated for the (NHC)Cu(boryl)-catalyzed diboration of aldehyde. Path A is the most favorable reaction
pathway, and Path B is the insertion step for an alternative, but unlikely, reaction pathway. The relative free energies and electronic energies (in parentheses)

are given in kcal/mol.

(NHC)CuO-CH;Beg single bond. Through an Sg2-like transition
state, TSa@-s), 4A isomerizes to the thermodynamically preferred
Cu—C—0—B isomer 5A with a barrier of 23.6 kcal/mol via a
boryl migration to the metal-bonded oxygen. This Sg2-like TS
is related to a similar process in the Cu-catalyzed CO, borylation
reaction mechanism by which the boryl group migrates from C
to O.!!

From Figure 1, we can see that, in the aldehyde insertion,
the boryl ligand preferentially migrates to the carbon atom of
the coordinated carbonyl moiety. This result is consistent with
what we observed in our earlier studies of the insertion of CO,
into a Cu—B bond, in which the metal—boryl bond (in essence,
the boryl ligand) is a nucleophile.''

Isolation of (IPr)Cu-CHAr(OBpin) (Ar = 2,4,6-Me3;CeH>)
from the stoichiometric reaction of (IPr)Cu-Bpin with mesital-
dehyde suggests that (IPr)Cu-CHAr(OBpin) could be involved
in the catalytic cycle. Sadighi and co-workers found that the
isolated complex (IPr)Cu-CHAr(OBpin) (Ar = 2,4,6-Me3;CgH,)
was indeed able to promote the diboration of mesitylaldehyde
with Bopiny, although the reaction was observed to be sluggish.
Our calculations rule out the involvement of a species containing
a Cu—C bond in the catalytic cycle. Therefore, it is necessary
to explain how (IPr)Cu-CHAr(OBpin) is able to serve as a
catalyst precursor for the diboration reaction. There must be a
slow initiation step in which (IPr)Cu-CHAr(OBpin) reacts with
Bopin, or mesitylaldehyde in the first cycle to regenerate the
active Cu—B species (IPr)Cu-Bpin. With this in mind, we
examined the metathesis process with B,eg, and the insertion
of H,C=O0 into the Cu—C bond in 5A, a model for (IPr)Cu-
CHAr(OBpin). Figure 3 shows the relevant energy profiles.
Metathesis of SA with Bseg, via TSas-1), with a barrier of 22.5

kcal/mol gives BegOCH;Beg and 1A, a model for the catalyti-
cally active species (IPr)Cu-Bpin. The insertion of HC=O0 into
the Cu—C bond of 5A, with a barrier of 24.7 kcal/mol, gives
7A, which is followed by a o-bond metathesis with Bsegs,
regenerating the active species 1A together with a reductive
dimerization/coupling product, BegOCH,CH,OBeg. On the
basis of our calculations on the model system, the metathesis
between 5A and B,eg; is the (slightly) more favorable of the
two processes. When a realistic substrate, such as benzaldehyde,
was used in the calculations, the preference for the metathesis
process is even greater (vide infra). Thus, the metathesis pathway
is likely to be important for the slow initiation step mentioned
above.

The barriers for the two reactions shown in Figure 3 are much
higher than the barriers (shown in Figure 1) associated with
the favorable catalytic cycle in Scheme 1. These results explain
the sluggishness observed when isolated complex (IPr)Cu-
CHAr(OBpin) was used to catalyze the diboration reaction
because catalyst initiation is very slow.

Comparing the energy profiles in Figures 1 and 3, we see
that o-bond metathesis between a Cu—O bond and a B—B bond
(3A — 4'A — 1A, Figure 1) has a much lower reaction barrier
than that between a Cu—C bond and a B—B bond (5A — 1A,
Figure 3). The lone pairs on the metal-bonded oxygen atom
play an important role in lowering the 3A — 1A barrier; thus,
a Lewis acid-base adduct 4'A is formed by donation of one
oxygen lone pair to the “empty” p orbital on one of the boron
atoms of Bopiny, facilitating the metathesis process.

Important implications can also be derived by comparing the
barriers of the two o-bond metathesis processes (between a
Cu—O bond and a B—B bond vs that between a Cu—C bond
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Figure 2. The optimized structures with selected structural parameters (bond lengths in angstroms and angles in degrees) for the species involved in the
(NHC)Cu(boryl)-catalyzed diboration of aldehydes. Selected calculated structural parameters for the model compounds 1A and SA are compared to the
experimental values (in parentheses) for (IPr)Cu(Bpin) and (IPr)Cu[CH(Ph)OBpin] where IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene.

and a B—B bond) as well as the barriers of the two aldehyde
insertion processes (insertion into a Cu—B bond vs a Cu—C
bond). The o-bond metathesis between a Cu—O bond and a
B—B bond (3A — 4'A — 1A, Figure 1) is almost barrierless,
while the corresponding process between a Cu—C bond and a
B—B bond requires a barrier of 22.5 kcal/mol (5A — 1A, Figure
3). The very recently reported dramatic rate acceleration of the
copper-catalyzed f-borylation of o,(-unsaturated carbonyl
compounds upon addition of alcohols®' is likely to be related
to the almost barrierless o-bond metathesis between a Cu—O
bond and a B—B bond. The alcohol additives allow Cu—OR to

(21) Mun, S.; Lee, J.-E.; Yun, J. Org. Lett. 2006, 8, 4887.
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be formed, and an almost barrierless o-bond metathesis between
the Cu(l) alkoxide and a diboron reagent, such as B,piny,
facilitates the regeneration of the active Cu—B species. The
insertion of aldehyde into a Cu—B bond has a barrier of only
12.8 kcal/mol (2A — 3A, Figure 1), compared with the
significantly higher barrier of 22.6 kcal/mol for the insertion
into a Cu—C bond (6A — 7A, Figure 3), manifesting the
importance of metal—boryl complexes in the catalytic reactions
of various unsaturated organic substrates,'® and highlighting
the extremely strong nucleophilicity of the boryl group.''*>
Reaction of the Substrate 2-Pyridinecarboxaldehyde. Sadighi
and co-workers also found that, in contrast to other aldehyde
substrates, 2-pyridinecarboxaldehyde undergoes reductive cou-
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pling to form 1,_2—d1—2—pyr1dyl—1,2—b}s(pmacolboroxy)?thane. as A s Bmez(IPr)Cu(Bpm) 5)
the major reaction product (eq 5) in the catalyzed diboration | \ ’

reaction.” Our DFT calculations shed light on how the pyridyl “" Bpin= B\Oj;

group of the substrate facilitates the reductive coupling process.

R . IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene
Figure 4 shows the relevant energy profiles, and Figure 5 shows

the optimized structures with selected structural parameters for
the species involved in this catalytic process.

Figure 4 shows that, similar to other aldehydes, 2-pyridin-
ecarboxaldehyde initially coordinates to the copper center of
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Figure 5. The optimized structures with selected structural parameters (bond lengths in A) for selected species involved in the (NHC)Cu(boryl)-catalyzed
diboration of 2-pyridinecarboxaldehyde.

1A, forming an #*-aldehyde intermediate 2PyA. From 2PyA, coordinates to the metal center. Because of the easily accessible
the coordinated 2-pyridinecarboxaldehyde inserts into the Cu—B 1,2-dihydropyridine form from a coordinated pyridine group,?
bond to give 3PyA with a barrier of 15.9 kcal/mol. In the the insertion intermediate 3PyA quickly isomerizes to a more
insertion intermediate 3PyA, the N atom of the pyridyl group stable intermediate containing a 1,2-dihydropyridine ring, 4PyA,
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with a very small barrier of 1.6 kcal/mol, via a boryl migration
from the carbonyl carbon to the metal-bonded oxygen.

4PyA can further react with a second 2-pyridinecarboxalde-
hyde molecule via a [3 + 2] addition to give a very stable
intermediate SPyA. Attempts to locate the [3 + 2] addition
transition state were unsuccessful. Various starting structures
were attempted. All of the calculations led to the very stable
intermediate SPyA. These results suggest that the barrier for
the [3 + 2] addition is too small to be located. The very small
barrier indicates that 4PyA is very reactive toward a second
2-pyridinecarboxaldehyde molecule. This is because 4PyA has
another resonance structure in which the O-bonded carbon
carries a negative charge (Scheme 2).

SPyA can further isomerize to the less stable intermediate
6PyA with a barrier of 17.2 kcal/mol. 6PyA contains a Cu—O
o bond and a Cu—N dative bond. From 6PyA, a metathesis
with Bjeg, easily gives the reductive coupling product and
regenerates the catalyst 1A.

Figure 4 shows that 3PyA rearranges to 4PyA with almost
no barrier and then undergoes the [3 + 2] reaction with another
molecule of 2-pyridinecarboxaldehyde, again with virtually no
barrier. This precludes metathesis of 3PyA or 4PyA with Boeg,
directly. It is interesting to note that SPyA is highly stable on
the basis of the calculations (Figure 4). In the catalytic reactions,
5PyA is expected to be present only in small amounts and
therefore was not detected in the experiments, although SPyA
corresponds to the deepest minimum in the energy profile
(Figure 4). Here, we predict that it is a possible target for
experimentalists to isolate in a stoichiometric reaction.

We also examined an alternative path leading to the formation
of 4PyA. This alternative path considers the coordination of
2-pyridinecarboxaldehyde to the metal center through both the
carbonyl oxygen atom and the pyridine N atom (2PyB).** The
calculation results show that this path from 2PyB to 4PyA via
a boryl migration has a higher energy barrier than the normal
insertion (2PyA to 3PyA) (Figure 4).

We conclude here that the insertion intermediate 3PyA
isomerizes easily to 4PyA via a boryl migration, due to the
availability of a 1,2-dihydropyridine form of the coordinated

(22) (a) Dang, L.; Zhao, H.; Lin, Z.; Marder, T. B. Organometallics 2007,
26, 2824. (b) An especially nucleophilic lithium boryl complex has
recently been reported: Segawa, Y.; Yamashita, M.; Nozaki, K. Science
2006, 374, 113. (c) Marder, T. B. Science 2006, 314, 69. (d)
Braunschweig, H. Angew. Chem., Int. Ed. 2007, 46, 1946. (¢) Segawa,
Y.; Yamashita, M.; Nozaki, K. Angew. Chem., Int. Ed. 2007, 46, 6710.
(f) Yamashita, M.; Suzuki, Y.; Segawa, Y.; Nozaki, K. J. Am. Chem.
Soc. 2007, 129, 9570.

(23) Entwistle, C. D.; Batsanov, A. S.; Howard, J. A. K.; Fox, M. A.;
Marder, T. B. Chem. Commun. 2004, 702.

(24) (a) Muller, B.; Ruf, M.; Vahrenkamp, H. Angew. Chem., Int. Ed. Engl.
1994, 33, 2089. (b) Muller, B.; Schneider, A.; Tesmer, M.; Vahren-
kamp, H. Inorg. Chem. 1999, 38, 1900. (c) Muller, B.; Vahrenkamp,
H. Eur. J. Inorg. Chem. 1999, 38, 137. (d) Kelson, E. P.; Phengsy,
P. P.; Arif, A. M. Acta Crystallogr. 2001, C57, 517. (e) Saravanab-
harathi, D.; Nethaji, M.; Samuelson, A. G. Proc. Indian Acad. Sci.
Chem. Sci. 2002, 114, 347.

Table 1. Comparison of the Computed Barriers Using
Formaldehyde and Benzaldehyde as the Substrate Molecules®

benzaldehyde as the
substrate molecule

formaldehyde as the
model substrate molecule

AE AG (298K) AE AG (298K)
2A— TSx2-3 13.0 12.8 16.0 16.3
2A — TSpe-3 34.5 33.8 30.0 29.6
3A — TSae-3 28.5 28.1 28.4 28.3
3A — TSaw@-s) 28.1 26.6 24.8 223
5A — TSA(S—]) 7.1 22.5 10.1 26.8
5A — TSA(6_7) 11.2 24.7 19.9 34.3

“The relative electronic energies (AE) and the relative free energies
(AG(298 K)) are given in kcal/mol.

pyridyl group in 3PyA, preventing its metathesis with a diboron
reagent to give the expected diboration product observed for
other aldehyde substrates.

Comments on the Use of H,CO as a Model Substrate. In the
calculations, we used formaldehyde as a model substrate for
the aldehydes employed in the experiments. It is necessary to
examine whether the simple model is sufficient. Employing
benzaldehyde as the substrate molecule, we optimized the
species corresponding to 2A, TS@2-3), 3A, TSau-s), SA, and
TSg2-3) in Figure 1 and TSx(s-1) and TS-7) in Figure 3. The
geometries of these benzaldehyde-based species can be found
in the Supporting Information. The reaction barriers relevant
to these benzaldehyde-based species were compared against
those relevant to the formaldehyde-based species (Table 1).
Steric factors seem to contribute to the differences between the
two sets of data presented in Table 1 (see discussion below).

From Table 1, we can see that the barrier for the aldehyde
insertion into the Cu—B bond (2A—TSa(2-3), Path A of Figure
1) increases by 3.5 kcal/mol in free energy from the formal-
dehyde-based models to the benzaldehyde-based models. The
opposite, a decrease of 4.2 kcal/mol in free energy, is seen for
the overall barrier in Path B of Figure 1 (2A—TSg(2-3)). The
results suggest that the steric repulsion between the substituents
at B and the phenyl group at the benzaldehyde carbon in the
transition state TSa(2-3) is significant, while in TSp(2-3), the steric
repulsion between the NHC ligand and the phenyl group at the
benzaldehyde carbon is not. Introduction of the phenyl group
at the aldehyde carbon in TSg(2-3) likely also makes the carbonyl
oxygen even more nucleophilic, lowering the overall barrier,
due to the fact that the phenyl group is capable of shifting 7
electron density onto the carbonyl unit. Despite the changes
found in the barriers calculated for the aldehyde insertion steps
when the realistic benzaldehyde substrate molecule was used
in the calculations, the preference for Path A over Path B is
still clear.

For 3A—TSA(2-3), use of the realistic benzaldehyde substrate
does not affect the barrier much as the steric repulsion between
the substituents at B and the phenyl group at the benzaldehyde
carbon is present in both 3A and TSa(-3). For 3A—TSA4-s),
the benzaldehyde substrate reduces the barrier by 4.3 kcal/mol
in free energy (Table 1), due to the fact that the steric repulsion
between the substituents at B and the phenyl group at the
benzaldehyde carbon is relatively less significant in the transition
state TSa@-s). In the formaldehyde-based model, TS42-3) lies
slightly higher in energy than TSa4-s). With the benzaldehyde
substrate, the energy difference increases and the trend does
not change.

As expected, the realistic benzaldehyde substrate increases
both the barriers of SA—TS4(s-1) and SA—TS4-7) (Table 1
and Figure 3), which are relevant to the slow initiation step
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with the isolated (IPr)Cu-CHAr(OBpin) discussed above, be-
cause of the previously mentioned steric effects. The barrier
increase is much less significant for the metathesis SA—TS(s-1)
than for the aldehyde insertion SA—TS4-7), implying that the
steric repulsion between the substituents at the aldehyde carbon
and the eg group at B in TSas-1) is less significant than that
between the substituents at the two aldehyde carbons in TSy 6-7).
Using the formaldehyde model, the metathesis SA—TS(s-1) was
calculated to be slightly more favorable than the insertion
process SA—TSA—7). With the realistic benzaldehyde substrate,
the preference for the metathesis process is even greater.

The additional calculations based on the realistic benzalde-
hyde substrate and presented here indicate that the conclusions
derived from the formaldehyde model are valid.

Conclusions

The detailed mechanism for the diboration of aldehydes
catalyzed by (NHC)Cu(boryl) complexes has been investigated
with the aid of DFT calculations. The results show that the
catalyzed diboration occurs through aldehyde insertion into
Cu—B to give a Cu—O—C—B linkage followed by a o-bond
metathesis with a diboron reagent. The “electron-richness”, that
is, the nucleophilicity of the Cu—boryl bond, gives rise to a
small insertion barrier and determines the direction of insertion.
In the absence of a diboron reagent, the insertion intermediate
having a Cu—O—C—B linkage isomerizes to the thermody-
namically preferred Cu—C—O—B isomer via a boryl migration
to the metal-bonded oxygen through an Sg2-like transition state.

Different from other aldehydes, 2-pyridinecarboxaldehyde
undergoes reductive coupling to form a 1,2-di-2-pyridyl-1,2-
bis(pinacolboroxy)ethane in the catalyzed diboration reactions.
Our calculations indicate that the Cu—O—C—B insertion
intermediate also involves pyridine N-coordination. The avail-
ability of a 1,2-dihydropyridine form of the N-coordinated

5594 J. AM. CHEM. SOC. = VOL. 130, NO. 16, 2008

pyridyl group makes the boryl migration to the metal-bonded
oxygen very facile in the Cu—O—C—B insertion intermediate.
The intermediate having the 1,2-dihydropyridine form derived
from the boryl migration reacts readily with a second 2-pyridi-
necarboxaldehyde molecule, leading to the observed 1,2-
dipyridyl-1,2-bis(pinacolboroxy)ethane product.

Main group organometallic compounds containing M—C
bonds, such as Grignard reagents, are good nucleophiles due to
their highly polarized M—C bonds. The high nucleophilicity of
the Cu—B bond in (NHC)Cu(boryl) discussed in this paper
seems counter-intuitive as the Cu—B bond is expected to have
substantial covalent character. In the reactions catalyzed by
(NHC)Cu(boryl), the copper metal center coordinates to an
electrophilic substrate molecule, allowing the boryl ligand to
function as a nucleophile, attacking the substrate. The results
presented in this paper suggest that the metal-assisted nucleo-
philic attack does not require a highly polarized M—B bond. It
is the high-lying Cu—B o-bonding molecular orbital that makes
the boryl ligands highly nucleophilic.
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