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New reactions provide new ways to think about bond
construction and thus more, and often greener, options for
achieving greater step,''l atom™ and time economical,” if not
ideal, syntheses."! Guided by these considerations, we pre-
viously introduced a reaction for seven-membered ring
synthesis involving metal-catalyzed [5+2] cycloadditions of
vinylcyclopropanes (VCPs) and 7 systems.”! While rhodium
complexes have shown the greatest generality in catalyzing
this process, working both intra- and intermolecularly and
with absolute stereocontrol® and even in water,”! ruthe-
nium,® nickel,”” and iron'" catalysts have also been effective
in many cases. We report herein the first studies of a new
family of catalysts for [5+2] cycloadditions based on relatively
little studied rhodium cyclooctatetraene (COT) complexes.
We describe the synthesis and metal complexation of our
dinaphtho[a,e]cyclooctatetraene (dnCOT) ligand 5 derived
from a recently introduced [242+42+42] cycloaddition of
diynes."Y! The resulting Rh—-dnCOT catalyst provides [5+2]
cycloadducts in high yields, often in minutes at room temper-
ature, is compatible with a variety of functionalities, and
exhibits enhanced or even reversed regiocontrol in selected
cases, relative to known catalysts.

The [24242+42] cycloaddition of diynes has proven to be
an excellent reaction for the synthesis of highly substituted
COTs.'!l Tn addition to the value of such COTs as synthetic
building blocks and components of novel materials and
devices,'> ' a further motivation for our interest in this
process was the potential use of COTs as ligands for catalysis.
Due to their tub-shaped conformation, certain COTs can
coordinate transition metals in a 1,2,5,6-n* manner analogous
to dienes such as cyclooctadienes (CODs).'"! Interestingly,
the distance and bite angle between the binding alkene
moieties in metal complexes of both COD and COT are the
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same across a variety of crystal structures, with a distance of
2.8 A and a bite angle of 86°."*! While it is tempting to
associate COD’s generally superior binding ability to tran-
sition metals with pre-organization of the alkenes, the
distance between alkenes in unbound COD (320 A) is
greater than that for unbound COT (3.09 A)."® Furthermore,
COD’s inherently greater flexibility (and thus entropic bind-
ing penalty) should bias metals in favor of COT entropically.
Despite this, COD has been more commonly used than COT
as a ligand in metal complexes."” The similarities between
CODs and COTs and the ease of synthesis of substituted
COTs using the recently introduced [242+42+2] cycloaddition
methodology prompted our interest in determining whether
judiciously modified COTs could be effective ligands for
metal catalysis.

While many COTs are relatively labile metal ligands
(1,2,5,6-n* coordination),' ! structural modifications to the
COT scaffold, such as benzannulation, often enhance their
ability to bind to transition metals.”*?!! Members of the
dibenzo[a,e]cyclooctatetraene (dbCOT) subfamily have been
complexed with a variety of transition metals (e.g., Pd, Pt, Rh,
Ir, Co, Mo, Cr, Cu).”? However, the catalytic activity of these
complexes remains relatively underexplored. In fact, dbCOT
has found use as an effective poison in tests for homogeneous
catalysis.’®! Reports of catalytic activity of dbCOT-metal
complexes are relatively rare,”** and, significantly, no
dbCOT complexes have been evaluated as catalysts for
cycloadditions.

Based on anticipated beneficial properties of its com-
plexes (e.g., crystallinity) and ease of synthesis, dnCOT 5 was
targeted for this study. Treatment of commercially available
1,2-bis(bromomethyl)benzene (1) with copper trimethylsilyl
acetylide followed by deprotection affords diyne 3
(Scheme 1) which upon Ni-catalyzed [2+24-2+2] cycloaddi-
tion provides cycloadduct 4 in excellent yield (up to 87 % over
3 steps). Oxidation with 2,3-dichloro-5,6-dicyanobenzoqui-
none (DDQ) at room temperature furnishes dnCOT 5 as
a crystalline solid (see X-ray, Figure 1a). This step economical
(4 steps) sequence is highly efficient (up to 70 % overall yield)
and has been carried out successfully on a multi-gram scale,
offering advantages in yield, flexibility, and/or brevity relative
to a previous synthesis of dnCOT (6 steps, 4.1% overall
yield)? and notable syntheses of the related dbCOT (4 steps,
47% overall yield; 3 steps, 38 % overall yield).””!

Complexation of dnCOT 5§ with rhodium was accom-
plished by treatment of the former with [{RhCI(CO),},] which
proceeds with evolution of CO and the formation of a poorly
soluble intermediate, putatively the [{RhCl(dnCOT)},] dimer
6 (Scheme 1). Treatment of this intermediate with silver
hexafluoroantimonate in DCM/MeCN gives rise to Rh'-
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Scheme 1. Synthesis of dnCOT (5) and [Rh(dnCOT)(MeCN),]SbF; (7):
a) EtMgBr, Cul, THF, 0°C to reflux, 14 h, 93-96%. b) AgNO;, EtOH/
H,0, RT, 30 min, then NaCN, 1 h, 83-95%. c) (DME)NiBr,

(20 mol %), Zn (40 mol %), H,0 (20 mol %), THF, 60°C, 4 h, 80-95 %.
d) DDQ, PhMe, RT, 15 min, 86:90%. €) [{RhCI(CO),},], DCM, RT, 20 h,
97%. f) AgSbFs, DCM/MeCN, RT, 1 h, 92%. Yields with ranges
represent variation of yields based on scale (see Supporting Informa-
tion).

Figure 1. ORTEP representations of a) dnCOT ligand (5) and b, c) [Rh-
(dnCOT) (MeCN),]JSbFe complex (7).

dnCOT complex 7 in high yield. Complex 7 was characterized
by '"H NMR and *C NMR spectroscopy as well as by X-ray
crystallography (Figure 1). In going from unbound dnCOT 5
to metal complex 7, a large upfield shift of the dnCOT alkene
proton resonances (7.08 ppm to 5.59 ppm), characteristic of
metal binding, was observed by 'H NMR spectroscopy.
Interestingly, the X-ray analysis yielded two crystal forms
from the same batch of crystals: the first is the expected
crystal structure (Figure 1c), while the second (Figure 1b)
includes an additional molecule of acetonitrile. Complex 7 is
bench-stable at room temperature for several months without
attenuation of catalytic activity (see below). Following
a similar complexation sequence, the corresponding Ir'
complex [Ir(dnCOT)(MeCN),|SbF, was also prepared from
dnCOT 5 (see Supporting Information).

In addition to the parent dnCOT ligand (5), we were
interested in exploring routes to functionalized dnCOT
ligands, and whether such ligands might also form Rh'
complexes. Furthermore, we envisioned that the development
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of a facile method for tuning the dnCOT ligand would provide
a valuable strategy for future evaluations of steric and
electronic effects on catalytic reactions involving this ligand
class. Brominated dnCOT (Br-dnCOT, 8) was targeted as
a convenient diversification point to access a wide variety of
substituted systems; 8 is synthesized in 88 % yield from § in
a one-flask procedure (Scheme 2). Using a variety of coupling

—L2 9 R=Me
[
L . 10,R=Ph
OOO d 11,R = OMe
L € . 12,R=COMe
5(R=H) . ] o ne
8 (R - Br) LT . 13 R=CF

14,R = Me, 71%
15,R = Ph, 76%

16, R = OMe, 78%
17, R = CO,Me, 82%
18, R = CF3 66%

Scheme 2. Synthesis and elaboration of Br-dnCOT 8 into Rh' com-
plexes: Reagents and conditions: a) 1. Br,, DCM; 2. DBU, PhH, 88%.
b) MeB(OH),, K,PO,-nH,0, Pd(OAc), (10 mol %), PPh, (40 mol %),
THF, 16 h, 78%. c) PhB(OH),, K;PO,-nH,0, Pd(OAc), (10 mol %),
PPh; (40 mol %), THF, 20 h, 93 %. d) CuBr (20 mol %), NaOMe

(2 equiv), 1-methyl-2-pyrrolidone/MeOH, microwave 110°C, 1 h, 74 %.
e) Pd(OAc), (3 mol %), Xantphos (6 mol %), MeOH (10 equiv),

CO (1 atm), NEt;, 79%. f) Cul, NaCO,CF;, NMP, 110°C, 34%. g) 1
[{RhCI(CO),},] or [{RhCI(C;H,),},], DCM, 24 h; 2. MeCN, AgSbF,, 2 h
(see Supporting Information for details).

strategies, we were able to access a number of different
substituted dnCOTs 9-13 (R-dnCOT, R=Me, Ph, OMe,
CO,Me, and CF;). Impressively, for all of these species,
complexation with Rh' proceeds as with the parent dnCOT
ligand (5), affording the corresponding metal complexes (14—
18) for each (Scheme 2).

Having demonstrated the tunability of the ligand core, we
sought to evaluate the catalytic activity of [Rh(dnCOT)-
(MeCN),]SbF; (7) in an established Rh' reaction. Recently,
we reported that cationic Rh' complexes (such as [Rh(C,,Hy)-
(COD)]SbF,, 19)? featuring a COD ligand are efficient
catalysts for both inter-*! and intramolecular® [542] cyclo-
additions with alkynes, in addition to the dimeric complex
[RhCI(CO),], (20). We therefore chose to further explore the
use of Rh' catalysts in this reaction with our dnCOT complex
7. The data in Table 1 illustrate a direct comparison of
dnCOT-based rhodium catalyst 7 against other rhodium(I)
species (19 and 20) in a test [5+2] cycloaddition. Significantly,
under these conditions, [Rh(dnCOT)(MeCN),|SbF; outper-
forms the best known catalysts for this process with respect to
both yield and reaction time, producing cycloheptenone 23
from commercially available VCP 21 and alkyne 22 in 94 %
yield in 15 min at room temperature (Table 1, entry 1). While
not optimized, the beneficial effect of dnCOT ligation can
also be realized insitu (Table 1, entry4 vs. entry3) by
titrating the otherwise sluggish [{RhCI(CO),},]/AgSbF, com-
plex with dnCOT 5, thereby producing a catalyst that turns
over substrate in minutes rather than hours to days.
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Table 1: Intermolecular [5+2] reactions using Rh' complexes.

| 0,
[O o HL Rh' catalyst (5 mol % Rh atom)
+
OJ; OMe DCE (0.1 M), RT, then H* OMe
21 22 23
(1.2 equiv})
Entry Rh' catalyst (5 mol % [Rh]) t Yield
[%]"

1 [Rh(dnCOT) (MeCN),|SbF (7) 15 min 94
2 [Rh(CyoHg) (COD)]SbF, (19) 15 min 87
3 [{RhCI(CO),},] (20) + AgSbF" 24h 8

4 [{RhCI(CO),},] (20) + dnCOT (5)"! + AgSbF"!

[a] Yield of isolated product. [b] Amount used: 5 mol %. [c] VCP 21 was
not completely consumed.

15 min 70

Rh-dnCOT 7 was also found to be compatible with
a variety of functionalities (Table 2). Significantly, 7 provides
both excellent yields (>90%) of isolated cycloheptenone

Table 2: High-yielding intermolecular [5+2] cycloadditions of VCP 21
and alkynes for functionalized cycloheptenones.

| R'  [Rh(dnCOT)(MeCN),ISbFg

o (5 mol %) R' | R
[ J;Jr i DCE/TFE OPg@ HOZQ: 2

2
0 R? (95:5,0.1-0.2 M), R R
temperature
21 24 25 26
(1.2 equiv)
Entry Alkyne T[°C), ¢t Product  Yield
)"
1l = hn 242 60,1h 26a 94
}\ 0
N
2 0% 24b  60,1h 26b 97
— Boc
3 - N 24c 25, <15min  26¢ 98
L

4 = 9 24d 25 <15min  26d 93
5 = B 24e 25, <15min  26e 96
6 9 25, 35 min 26f 98
7t = /<0Me 24f 95354 26f 98

[a] Yield of isolated product. [b] No TFE used. [c] Catalyst loading:
1 mol %.

products and short reaction times, often requiring only
minutes at room temperature for complete conversion. A
number of propargyl or ethynyl heterocycles, including
a phthalimide (24b, entry2), an indole (24¢, entry 3),
a benzofuran (24d, entry4) and even a benzothiophene
(24 e, entry 5) undergo the [5+2] cycloaddition with VCP 21
in >90% yield.

The slightly longer reaction time for nitrile 24a and
phthalimide 24b possibly reflects substrate or product
coordination to the catalyst, which would reduce its effective
availability. The disubstituted alkyne 24 f (entry 6) also reacts
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efficiently. A generally applicable catalyst loading was found
to be 5 mole percent of 7. However, this amount can be
reduced to 1 mole percent (entry 7) without affecting the
yield and only modestly increasing the reaction time.

Complex 7 is also highly effective in catalyzing the
intramolecular [542] cycloadditions of VCPs tethered to
alkynes or alkenes. The bicyclo[5.3.0]decane cycloadducts 28
and 30 are obtained in excellent yields (> 95 %, Scheme 3).")
Unlike Wilkinson’s catalyst, 7 does not cause product alkene
isomerization and reacts with VCP 29 to provide bicycle 30
with complete diastereoselectivity.

a)
E —= [Rh(dnCOT)MeCN},ISbFg (5 mol %) £
E: C\ DCE (0.15 M), RT, 2 h, 95% E
28
30

27 E =CO,Me
b)

E [Rh(dnCOT)(MeCN),ISbF (5 mol %) E

£ N DCE {0.05 M), 60 °C, 5.5 h, 97% E

29
Scheme 3. Intramolecular [5+2] cycloadditions using [Rh(dnCOT)-
(MeCN),]SbF, (7).

In addition to improvements in reaction rates and
efficiency, our original motivation for examining COT ligands
was that they would provide a scaffold for control of
cycloaddition selectivity relative to previously studied cata-
lysts ([{RhCI(CO),},] and the n°® coordinated arene ligand in
[Rh(C,,Hg)(COD)|SbF;). Toward this end we examined the
performance of catalyst 7 on cycloaddition regioselectivity.
[542] Cycloadditions of terminal alkynes with VCP 31 can
give rise to regioisomeric (2,5)- and (2,4)-substituted cyclo-
adducts 33a and 33b, respectively (Table 3). Recently, we
reported the first study of the regioselectivity of the [5+2]
cycloaddition with [{RhCI(CO),},] (20, literature values
reproduced in Table 3).% Significantly, in several cases, the
novel metal complex [Rh(dnCOT)(MeCN),|SbF; (7) was
shown to enhance (entries 1, 4, 6, and 17) or even reverse
(entry 8) the regioselectivity observed with [{RhCI(CO),},]
(20, Table 3).P! It is noteworthy that in these representative
reactions over a range of sterically and electronically diverse
alkynes, [Rh(dnCOT)(MeCN),|SbF, (7) displays the best
overall activity with respect to both reaction rate at room
temperature and combined yields of 33a/b (outperforming
[Rh(C,,Hg)(COD)]SbF, (19) in some direct comparisons).

These data suggest encouraging potential for the develop-
ment of catalyst-controlled chemo-, regio-, and stereoselec-
tive organometallic reaction systems using [Rh(dnCOT)-
(MeCN),]SbF, (7) and its derivatives. In additional prelimi-
nary studies, [Rh(dnCOT)(MeCN),]|SbF; (7) was also shown
to catalyze both an intermolecular [4+2] reaction®? of diene
41 and alkyne 42 (Scheme 4a) and an intramolecular [24+24-2]
cycloaddition® of tri-yne 44 (Scheme 4b), thereby demon-
strating the potential Rh—-dnCOT complexes have as general
cycloaddition or cycloisomerization catalysts for reactions of
VCPs, dienes, alkynes, and alkenes.

Angew. Chem. 2012, 124, 27902794



Table 3: Effect of catalysts on the regioselectivity of [5+2] cycloadditions
between VCP 31 and terminal alkynes.

fe) (o]
| [
TBSO . m Rh' catalyst (5 mol %) X
ﬁ R DCE/TFE (95:5, 0.1 m), 5
temperature, then H+ R R4
31 32 33a 33b
Entry R Cat. T[Q],t Yield Product Ratio®
(%] a:b
1 Ph 7 23,60 min 95 34a/b >20:1
2 Ph 20 40,7 h 78 34a/b 7.7:1
3 Ph 19 23,30 min 68 34a/b 6.8:1
4 p-OMe-CiH, 7 23,60min 85  35a/b  >20:1
5 p-OMe-C¢H, 20 40,5.5h 76 35a/b 5.9:1
6 p-COMe-CiH, 7 23,60 min 87 36a/b >20:1
7 p-COMe-CeH, 20 40,9h 66 36a/b 11:1
8 T™MS 7 23,15h 92 37a/b 1:4.0
9 T™MS 20 40,18 h 85 37a/b >20:1
10 T™MS 19 23,15h 54 37a/b 1:>20
11 nPr 7 23,60 min 74 38a/b 5.4:1
12 nPr 20 40, 48 h 76 38a/b 7.1:1
13 nPr 19 23,45 min 57 38a/b 1.1:1
14 CO,Me 7 23,15 min 95 39a/b 1.7:1
15 CO,Me 20 40,425h 84 39a/b 3.0:1
16 CO,Me 19 23,15 min 73 39a/b 1.2:1
17 COMe 7 23,15 min 96 40a/b 1:20
18 COMe 20 40,2.75h 91 40a/b 1:1.9
19 COMe 19 23,15 min 65 40a/b 1:>20

[a] Combined yield of isolated a + b. [b] Ratio determined by '"H NMR
spectroscopy.

a)
[Rh(dnCOT)YMeCN),|SbFg (5 mol %)

x|

DCM (0.2 M), 40 °C, 6 h, 78%

Ph
41 42 43
b) —
__\
O [Rh(dnCOT)(MeCN),ISbFg {5 mol %) 0 o
o DCE (0.1 M), RT, 3.5 h, 84%
=
a4 45

Scheme 4. [4+2] and [242+2] cycloadditions catalyzed by [Rh-
(dnCOT) (MeCN),|SbF; (7).

In summary, a high-yielding and scalable synthesis of the
parent dnCOT ligand 5 has been realized through the use of
a newly introduced, scalable Ni’-catalyzed [242+42+2] cyclo-
addition of a 1,7-diyne. Complexation of this ligand with
rhodium affords the novel cationic Rh' complex [Rh-
(dnCOT)(MeCN),|SbF, (7). Similarly, modification of 5
provides access to various dnCOT substituted complexes.
Complex 7 is highly effective in catalyzing the intramolecular
[5+42] cycloadditions of VCPs and alkyne and alkene compo-
nents. It also catalyzes the intermolecular [5+2] cycloaddition
of alkynes, often in minutes at room temperature, and is
compatible with a wide range of commonly encountered
S,N,O-heterocyclic functionality. In initial studies, complex 7
was often found to enhance or reverse the regioselectivity of
intermolecular [542] cycloadditions when compared to
previously reported catalysts. Complex 7 currently exhibits

Angew. Chem. 2012, 124, 27902794
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the best overall rates and yields in [542] cycloadditions. It
also shows generality for other cycloadditions. Further studies
on the design, preparation, and catalytic activities of related
metal-COT complexes, including modified dnCOT deriva-
tives such as 9-13 and topologically chiral COT catalysts, are
being explored in connection with this and other cyclo-
additions and metal-catalyzed reactions.

Experimental Section

CCDC 854807, 854808, and 854809 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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