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ABSTRACT: A series of chemically distinct, highly strained, activated cubane scaffolds was synthesized through optimization of
the metal-halogen exchange reactions of iodinated cubane derivatives. This included the first reported successful attachment of both
boron and phosphorous; key elements in potential transition metal-catalyzed cross coupling reactions; on the cubane scaffold. Addi-
tionally, Zn, Sn, Si, S and various C-based systems were also attached in a high-yielding, one-pot reaction from readily available
precursors. A comprehensive program investigating the reactivity of these tertiary cubane nucleophiles towards Suzuki-Miyaura,
Negishi and Stille cross-coupling methods, never previously reported with the cubane scaffold; is also described, but proved unsuc-

cessful.

INTRODUCTION

The concept of a rigid hydrocarbon cube fascinated chem-
ists for much of the early half of the 20™ century.' Due to its
exceptional structure, symmetry and pronounced strain, cub-
ane has been a hallmark in organic chemistry since its discov-
ery by Eaton e al. in 1964.>* The extraordinary density of the
cubane hydrocarbon together with its incredibly high strain
energy has led to significant interest in the fields of high ener-
gy fuels and explosives.”*

The search for novel small molecule scaffolds and linking
units in organic (and particularly medicinal) chemistry is an
ongoing challenge.” One of the key requirements for any scaf-
fold system is that the substituents must be arranged in a spe-
cific orientation which is precisely known and invariable un-
der target conditions. As such, the majority of such units in-
corporate conjugating groups such as arenes, aromatic hetero-
cycles, alkenes and alkynes due to the rigidity these enforce on
molecules.*” Comparatively little attention has been paid to
saturated hydrocarbons, in spite of the many advantages these
groups lend in terms of solubility and toxicity.'” Considering
the geometry of cubane, it is noteworthy that the distance
across the cube (the body diagonal) is 2.72 A, which is almost
equivalent to the distance across a benzene ring, i. e., 2.79
A" which has led to renewed interest in it as an isostere in
drug development."

Our interest in the cubane scaffold emerged from a search
for rigid linking units which would inhibit electronic commu-
nication between bound electron transfer systems."* The cub-
ane framework thus stood out but the chemistry of cubane has
remained somewhat stagnant for much of the last three dec-
ades and, as such, many modern avenues in synthetic chemis-
try, e. g., transition metal-catalyzed cross-coupling reactions,
have not been rigorously applied to the cubane system. The
goal of the present work was therefore to develop appropriate
cubane building blocks and test their applicability in cross-
coupling reactions.

The majority of cubane functionalization reactions incorpo-
rate functional group interconversions (FGI) involving the
carboxylic groups present after the standard cubane synthesis,
which failed to adequately serve our requirements." While
ortho-lithiation of the cubane framework' " presented an
obvious entry-point, the reasonably complex pathways in-

volved led to investigation of potentially more straightforward
avenues. Modification of halogen atoms on the cubane periph-
ery presented an attractive approach but comparatively little
research on the reactivity of monohalogentaed cubane systems
has been performed, most likely due to the interesting and
unusual reactions that have been observed when bisiodinated
cubane derivatives are exposed to standard lithiating
reagents.'*”” While various individual observations regarding
the tendency of monohalogenated cubanes to undergo metal-
halogen exchange have been reported,'”?' no systematic study
has been performed.”***** This led us to expand our initial
synthetic program from reactants solely designed for Pd(II)-
catalyzed reactions, to incorporate other systems and elements
of synthetic interest, namely carbon-based electrophiles or 2nd
row elements.

RESULTS AND DISCUSSION

An initial optimization of the metal-halogen exchange con-
ditions was thus performed utilizing both a monoiodo- 1 and
monobromocubane 2. Protected (hydroxymethyl)cubanes were
chosen as the basis for this work both to avoid issues relating
to isolation of products (as the polarity of Bu-R and cubane-R
can be very similar) and to provide a synthetic handle for fur-
ther substitution reactions. Halogenated (hydroxyme-
thyl)cubanes were prepared by known methodologies™**’
and protected with appropriate groups. While more standard
protecting groups proved equally effective, the majority of this
work involved protection of the free hydroxyl group as a me-
thyl ether. While this methyl ether could theoretically be
deprotected, the reported isomerization of cubylcarbinols®**
meant that this was not attempted. Many of the reactions re-
ported herein were also successfully performed with more
standard protecting groups (pyran, TIPS) and produced identi-
cal results. For simplicity, only the results using 1 are present-
ed.

Reactions of halogenated cubanes 1 and 2 were performed
at a constant concentration in THF with an appropriate or-
ganolithium reagent. The reactions were allowed to develop
for a specific time at varying temperatures (Table 1) before
being quenched with MeOH and extracted from a dilute HCI1
solution. Any lithiated material should therefore be quenched
to give the hydrolyzed products 3a/b. By comparing the ratio



of unreacted starting material to 3 the optimum set of reac-
tants, time and temperature were delineated. A brief summary
of the results of this study is shown in Table 1. lodinated
cubanes clearly undergo metal-halogen exchange much easier
than brominated analogues. Controlled addition of just two
equivalents of tert-butyllithium allowed for quantitative metal-
lation and subsequent cleaving when using 1 as substrate.

Table 1: Optimization of metal-halogen exchange condi-
tions.

R! R
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1. RLi, THF %\
E—

2. MeOH

X
X=1,R"=Me, 1 R'=Me, 3a
X =Br, R'=TIPS, 2 R'=TIPS, 3b
entry sm. R? (eq.) Elrrr?ifl)“ Eﬁg)p result
1 1 -Bu (2) 60 -78 91 % 3a
2 1 -Bu (2) 30 78 85 % 3a
3 1 n-Bu(2) 60 -78 83 % 3a
4 1 +Bu(l.5) 60 -78 74 % 3a
5 2 t-Bu (2) 60 -78 Unreacted 2
6 2 -Bu (4) 60 0 <20 % 3b°

Reaction conditions: All reactions were performed at a cubane
concentration of 0.16 M in THF under argon. Isolated yields are
given except where stated. “ Indicates time between addition of
R’Li and quenching with MeOH. ® Estimated from 'H NMR.

Having optimized a set of reaction conditions, attention
turned to probing the utility of this methodology towards di-
verse bond forming reactions. A range of both carbon based
electrophiles as well as various metals and non-metals were
thus added to a lithiated cubane 4, prepared from 1 as per Ta-
ble 1, Entry 1. The results of this study are contained within
Table 2. Addition of simple alkyl halides led to hexyl- 5,
tetradecyl- 6 and 4-bromobutyl- 7 substituted cubanes in high
yields (Table 2, Entries 1-3). The nature of the leaving group
on the alkyl halide appears to play only a minor role with both
iodoalkanes and bromoalkanes undergoing near quantitative
displacement with 4. lodomethane (Entry 4) however, failed to
give any product 8. The recovered material was simply the
starting material 1. Due to the visible generation of a cubyl-
lithium species this is presumably formed from a second met-
al-halogen transfer reaction with the iodomethane, rather than
being unreacted starting material. This indicates the increased
stability of the primary methyllithium over 4 and correlates
with previous reports.'

Table 2: Generation of diverse cubane systems through
metal-halogen exchange reactions.

| Li
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# R X Elhr;lbe product z/"l/i ;d

1 CeHyps I 0.5 5 98

2 CiHy Br 0.5 6 94

3 C,HgBr Br¢ 0.5 7 96

4  Me I 0.5 8 0’

5  CHO NMe,* 4 9 <10°

6  CH,C=CTMS Br 1 10 w/d
jo

7 B OiPr 1 11 84
0

8 )L OMe 1 12 n/d®

B

9  Sn(Bu); cl 1 13 78

10  ZnCl cl 1 14 n/d¢
Ph

1 ~R cl 18 15b 79
Ph

12 Si(Me); cl 2 16 90

13 o s<—0| Cr 1 17 73

O
"'L.S/\)'LO

14 Cl 1 18 22
Buﬁ)

Et

“ Reaction conditions: All reactions were performed at a cubane
concentration of 0.16 M in THF with 2 eq. +-BuLi added at -78 °C
and 4 allowed to generate for 1 h. Reaction mixtures were
warmed to r.t. after addition of 2 eq. of R'X, except where stated.
Isolated yields are given where applicable. ° Indicates time be-
tween addition of R'X and quenching with dilute HCL. ¢ 5 eq. R'X
employed. ¢ 1 recovered. ¢ Estimated from '"H NMR. / Complex
mixture of products. ¢ Quantitative formation of products ob-
served indirectly.

Attempts to formylate the scaffold by introducing DMF into
the reaction vessel proved largely unsuccessful (Entry 5).
Some trace amounts of the aldehyde product 9 were observed
by 'H NMR but the primary product was hydrolyzed starting
material 3a together with some unreacted 1. Attempts to iso-
late 9 or increase the yield to significant levels failed. Using a
protected propargyl substrate, 3-bromo-1-TMS-1-propyne
(Entry 6), gave a complex mixture of products which could
not be separated. Cubane products present in the mix included
3a and the target 10 but there also appeared to be some bro-
minated cubane, presumably formed by exchange with the
propargyl bromide.

In terms of reactive cross-coupling partners the synthesis of
cubanylboronic ester 11 and cubanylborane 12 represent the
first examples of cubane-boron compounds and were synthe-
sized here in high yields by quenching with the appropriate
boron source (Table 2, Entries 7/8). Upon standard work-up
both 11 and 12 gave NMR spectra consistent with a high de-
gree of purity. During purification 11 was found to decompose
on silica, presumably due to its acidic nature, so aluminum



oxide (Al,O3, Alox, Brockmann Grade III) was used to effect
its purification. Treatment of 4 with B-methoxy-9-BBN at -78
°C provided access to the BBN-appended cubane 12. For-
mation of the target material was observed by TLC analysis
and "H NMR. However, like analogous alkylborane:s,zg’30 12 is
susceptible to air and heat so efforts to purify the material
proved unsuccessful. The absence of any significant quantity
of hydrolyzed material 3a on work-up, however, indicated that
the reaction proceeds at a rate similar to that of 11, i. e. near
quantitative. As a result, generation and use of 12 in situ pro-
vides a reasonable avenue to utilizing it in further reactions.

While cubyl derivatives of tin have been reported previous-
ly,'** these involve the more toxic trimethyltin residue. Intro-
duction of the less environmentally toxic tri-n-butyltin residue
through its chloride adduct provided ready access to stannylat-
ed cubane 13, which was stable in aerobic environments but
displayed some decomposition at room temperature. Neverthe-
less, 13 was easily purified by column chromatography (silica
gel) and proved stable indefinitely when stored at 0-4 °C. The
addition of Zn was effected through its anhydrous chloride salt
and the formation of the reactive cubanylzinc(II) chloride spe-
cies 14 was observed through several indirect methods (i. e.
hydrolysis and substitution reactions). Efforts to generate 14
through use of Rieke zinc’'?* failed completely, indicating a
significant energy barrier to oxidative addition among cubane
halides.

Together with boron, phosphorous stands out as being one
of the few light, reactive, non-metals which are missing in the
repertoire of cubane derivatives. Due to the wealth of interest-
ing chemistry organophosphorus compounds possess, phos-
phanylcubane 15 was targeted as a trial compound, both to
probe the reactivity of the cubane scaffold towards P insertion
as well as creating a compound which may have many possi-
ble uses in the field of catalysis. Treatment of lithiated cubane
4 with chlorodiphenylphosphine (Table 2, Entry 11) produced
the P-substituted cubane, which underwent quantitative oxida-
tion under ambient conditions to the phosphine oxide system
15b (Scheme 1, Figure 1). The reaction time here was extend-
ed from the standard one hour, as quenching at this point pro-
duced large quantities of 3a. Stirring at room temperature
overnight was sufficient to allow complete conversion of the
lithiated cubane to 15. Compound 15 decomposed on silica gel
so direct transfer of the crude reaction product to an Al,Os
(Brockmann Grade III) column was required to effect its puri-
fication. Attempts to reduce 15b to the phosphine complex
15a failed to yield an appreciable amount of the phosphine
system. Further studies to investigate the properties of 15b are
ongoing, as is the synthesis of a library of cubane-phosphorous
systems.

Similar to stannylated cubanes, silicon has been successfully
introduced onto the cubane scaffold previously.'®* However,
the most common use of silyl functionality in modern synthet-
ic chemistry, namely in protecting group chemistry remained
to be tackled. Two silylated cubanes were prepared. Quench-
ing of lithiocubane 4 with trimethylsilyl chloride gave the
TMS-appended cubane 16 in high yield, while addition of an
increased excess of dimethyldichlorosilane gave the chlorosi-
lylcubane 17 (Table 2, Entry 12/13). Five equivalents of the
dichlorosilane were added in an effort to minimize the for-
mation of any dimeric species. The reactive Si-Cl bond present
in 17 raised issues with relation to purification. No aqueous
work-up was possible and the acidity of silica gel inhibited its
use. Purification by vacuum distillation failed to yield any

product. Column chromatography on Al,O; proved successful
with the compound obtained as a colorless oil in 73 % yield.
As an analogue to TBDMS, the use of 17 as a protecting group
offers significant potential. Research into the applicability of
17 as a novel protecting group is ongoing.

Scheme 1: Oxidation of 15a to 15b by ambient O,.
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The synthesis of thiocubane is another synthetically interest-
ing example of metal-halogen exchange reported on the cub-
ane scaffold® As a conclusion to the work on lithiated
cubanes an alternative and more general method for the intro-
duction of sulfur onto the cubane core in a milder fashion was
investigated. Reaction of 4 with a sulfenyl chloride (derived
from an odorless thiol which undergoes ready base deprotec-
tion to the free thiol”'”) was found to give a low yield of the
sulfur appended cubane 18 (Table 2, Entry 14). Difficulties
involving the dimerization of the sulfenyl chloride species
lowered the reaction yield. The successful generation of 18
nevertheless represents an alternative method for sulfur inser-
tion through use of sulfenylchlorides to that previously pub-

lished. However, further optimization of the reaction must be
performed before it can be considered synthetically useful.

\{@,022 | 2
1 Sl :

o1&
Figure 1: Molecular structure of 15b (thermal displacement 50%,
major component (68%) shown). Hydrogens omitted for clarity.

While tertiary alkanes are characteristically difficult as
cross-coupling partners® the fact that the external bonds in
cubane possess such a significant degree of s-character (ap-
prox. 30 %), together with the high energy barrier associated
with the B-hydride elimination of cubane' from a Pd center,
led to the assumption that it may prove an exception to this
rule. Additionally, the 90° C-C-C bond angle in cubane causes
the adjacent carbon atoms to be somewhat ‘tied back’ from the
reactive center, theoretically decreasing the overall steric de-
mand which has limited the successful couplings of tertiary
alkanes. Reported cross-coupling reactions of functionalized
adamantane derivatives also proved encouraging.* A com-
prehensive program investigating the Pd-catalyzed cross-
coupling reactions of 11-14 was thus undertaken. Full details
of this study are contained within the Supporting Information.

In brief, the major findings of this study were that while
standard cross-coupling conditions allowed for recovery of the
cubane system, by moving to more activated conditions; either
through use of additives or highly active catalyst systems;



successful transmetallation of the cubane systems to a palladi-
um center was achieved using Suzuki-Miyaura, Negishi and
Stille cross-coupling techniques. Unfortunately, successful
reductive elimination from this intermediate to form cross-
coupled products was not observed in any instance with com-
plete decomposition of the cubane scaffold being observed in
all cases. This process appears to be a new, Pd-facilitated,
decomposition pattern for the cubane system, distinct from
those reported previously,***' and independent of the specific
cross-coupling pathway employed. Complete characterization
of this product or isolation of the intermediate cubane-Pd
complex has not been realized at the present time.

Scheme 2: Palladium catalyzed cross-coupling methodolo-
gies attempted with 11-14

X
M Pd(ll) catalysis |NO cross-
AN // » | coupled
+ | v products
}9{ [Suzuki/Miyaura, | §etected
/O Negishi or Stille
Conditions]
M = Boryl Ester, 11
M = 9-BBN, 12
M = Sn(Bu)s, 13
M = ZnCl,, 14

(See supporting information for specific details regarding condi-
tions/substrates employed.)

In a sense we rolled the ‘dice’ and did not hit the jackpot.
Still, it is not yet ‘rien ne va plus’. While ultimately unsuc-
cessful in the aim of a cross-coupled cubane system, the ob-
served ability of the generated cubane nucleophiles to undergo
transmetallation to the palladium center may present a poten-
tial avenue for further research. It is possible that, by using a
cubane precursor which is less amenable to rearrangement
(e.g. with a 4-carboxamide substituent), successful reductive
elimination and cross-coupling may be achieved. Alternative-
ly, copper or nickel mediated processes may prove more suc-
cessful by avoiding the Pd-catalyzed transformation. If meth-
ods to introduce a cubane scaffold through TM-mediated
cross-couplings can be realized, an inexhaustible number of
substituted cubane scaffolds may become accessible for use in
a multitude of fields.

CONCLUSIONS

In summary, the investigation of metal-halogen exchange on
the cubane scaffold resulted in the successful synthesis of a
large library of diversely functionalized cubane scaffolds. The
retention of functionality at the 4-position of iodocubane pre-
sents an alternative to the standard use of iodinated cubanes by
enabling further functionalization of the cubane scaffold fol-
lowing modification of the cubane-iodine bond. The optimiza-
tion of procedures for the metal-halogen exchange reaction on
iodinated cubanes facilitated the high yield synthesis of acti-
vated cubane nucleophiles (including the first examples of
borylated cubanes) for use in Pd-catalyzed reactions. Introduc-
tion of phosphorous to the cubane scaffold represents the sec-
ond completely novel structural archetype attained along this
route. Future investigations will focus on the generation of a
library of cubane-phosphorous compounds and investigations
into their utility as novel ligands in transition metal-catalyzed
reactions are planned. Further work is also on-going on im-

proving the synthesis of thiolated cubanes and examining the
utility of silylated cubanes in protecting group chemistry.

EXPERIMENTAL SECTION

All commercial chemicals used were supplied by Sigma Aldrich,
Frontier Scientific, Inc. and Tokyo Chemical Industry and used with-
out further purification unless otherwise stated. Anhydrous THF was
obtained by drying over sodium/benzophenone, followed by distilla-
tion. Silica gel 60 (Merck, 230-400 mesh) or aluminium oxide (neu-
tral, activated with 6.5 % H,0O, Brockmann Grade III) were used for
flash column chromatography. Analytical thin layer chromatography
was carried out with silica gel 60 (fluorescence indicator F»s4; Merck)
or aluminium oxide 60 (neutral, F»s4; Merck) plates and stained with
vanillin or p-anisaldehyde solutions where necessary. Melting points
are uncorrected and were measured with a Stuart SP-10 melting point
apparatus. NMR spectra were recorded using Bruker DPX 400
(400.13 MHz for 'H NMR and 100.61 MHz for *C NMR), Bruker
AV 600 (600.13 MHz for 'H NMR and 150.90 MHz for '°C NMR),
Bruker AV 400 (400.13 MHz for 'H NMR, 128.41 MHz for ''B
NMR, 162.02 MHz for *'P NMR and 149.24 MHz for ''’Sn NMR) or
Agilent MR400 (400.13 MHz for 'H NMR and 100.61 MHz for °C
NMR) instruments. Chemical shifts are given in ppm and referenced
either to the deuterium peak in the NMR solvent or TMS used as an
internal standard. The assignment of the signals was confirmed by 2D
spectra (COSY, HMBC, HSQC). ESI mass spectra were acquired in
positive and negative modes as required, using a Micromass time of
flight mass spectrometer (TOF), interfaced to a Waters 2690 HPLC or
a Bruker micrOTOF-Q III spectrometer interfaced to a Dionex Ulti-
Mate 3000 LC. APCI experiments were carried out on a Bruker mi-
crOTOF-Q III spectrometer interfaced to a Dionex UltiMate 3000 LC
or direct insertion probe in positive or negative modes. EI mass spec-
tra were acquired using a GCT Premier Micromass time of flight mass
spectrometer (TOF) in positive mode at 70eV. IR spectra were rec-
orded on a Perkin-Elmer Spectrum 100 FT-IR spectrometer. CHN
analyses were performed on an Exeter Analytical CE 440 elemental
analyser fitted with a Varian 55B SpectraAA atomic absorption spec-
trometer and are reported when detected within a 0.4 % error margin.

Dimethyl cubanyl-1,4-dicarboxylate and its precursors were syn-
thesized as per Tsanaktsidis’ method.”” This was converted to methyl
4-iodocubanyl-1-carboxylate and reduced through known proce-
dures.*? Todocubane® was synthesized by Eaton’s procedures from
appropriate precursors. Methyl 1-bromocubanyl-4-carboxylate and its
precursors were synthesized as described by Klunder and Zwanen-
burg®® and converted into 2 through standard methodologies.**1-
Bromo-4-iodocubane was synthesized via Moriarty’s process™ All
compounds and intermediates had analytical data consistent with
literature values. (See Supporting Information for further infor-
mation).

1-lodo-4-(methoxymethyl)cubane 2): 1-Todo-4-
hydroxymethylcubane®™ (3.5 g, 13.4 mmol) was dissolved in THF
(100 mL) at room temperature. Sodium hydride (60 % dispersion in
mineral oil, 1.12 g, 26.8 mmol) was added and the solution was
stirred for 30 mins before the addition of iodomethane (2.5 mL, 40.2
mmol). The reaction mixture was stirred at room temperature until
TLC analyses showed complete consumption of the starting material.
Purification by column chromatography (silica gel, n-hexane:EtOAc,
7:1, v/v) and removal of solvents followed by recrystallization
(CH;0H) gave the title compound as a white solid (3.56 g, 13 mmol,
97 %). Ry = 0.38 (n-hexane:EtOAc, 7:1, v/v); M.p.: 59-61 °C; 'H
NMR (400 MHz, CDCls, 25 °C): 6 =3.34 (s, 3H, OCH5), 3.52 (s, 2H,
CCH0), 4.02-4.04 (m, 3H, cubanyl-CH), 4.20-4.22 ppm (m, 3H,
cubanyl-CH); C NMR (100 MHz, CDCls, 25 °C): ¢ = 38.9 (q, CI),
48.5 (cubanyl-CH), 54.9 (cubanyl-CH), 57.8 (q), 59.2 (OCHj) and
72.9 ppm (OCHy); IR (neat): v = 3360, 3136, 2979, 2822, 1453, 1389,
1299, 1195, 1097, 1029 and 698 cm’; HRMS (EI) m/z calcd. for
Ci1oH1O [M]": 273.9855, found 273.9861; Elem. Anal. calcd. for
CioH1110 43.82 % C, 4.05 % H found 43.62 % C, 3.79 % H.

General Procedure 1 (Lithiation of halogenated cubanes):

The relevant iodinated cubane (0.80 mmol) was dissolved in anhy-
drous THF (5 mL) in an oven-dried Schlenk flask, under argon, and




cooled to -78 °C. tert-Butyl lithium (1.60 mmol) was added dropwise
over 10 minutes and the organolithium reagent was allowed to gener-
ate at -78 °C for 1 hour. Lithiocubane species 4 was then quenched
with the appropriate electrophile (1.60 mmol) and left to warm to
room temperature over 1 hour. The reaction was quenched by pouring
into dilute HCI (100 mL) and extracted with CH>Cl, (3 x 50 mL). The
combined organic phases were washed with brine (1 x 100 mL), dried
over MgSO,. The solvents were removed in vacuo and the product
was purified by column chromatography (silica gel).

(Methoxymethyl)cubane (3a): Following General Procedure 1
with 1 (220 mg, 0.80 mmol) and #-BuLi (1.0 mL of 1.6 M solution in
hexanes, 1.60 mmol) using methanol (2 mL, excess) as the electro-
phile. Purification by column chromatography (silica; n-
hexane:EtOAc, 9:1, v/v) and removal of solvents gave the title com-
pound as a pale yellow oil (108 mg, 0.73 mmol, 91 %). Ry = 0.28 (n-
hexane:EtOAc, 6:1, v/v); '"H NMR (400 MHz, CDCls, 25 °C): ¢ =
3.36 (s, 3H, OCHj3), 3.50 (s, 2H, CCH.0), 3.88-3.92 (m, 6H, cubanyl-
CH), 3.99-4.02 ppm (m, 1H, cubanyl-CH); “C NMR (100 MHz,
CDCls, 25 °C): 0 = 44.6 (cubanyl-CH), 47.5 (cubanyl-CH), 48.4
(cubanyl-CH), 57.1 (q), 59.1 (OCH3) and 73.6 ppm (OCH»); IR
(neat): v = 2975, 2925, 1726, 1456, 1367, 1150, 1101 and 776 cm’ 1
LRMS (APCI+) m/z caled. for CioHi30 [M+H]": 149.0961, found
149.0993.

1-Hexyl-4-(methoxymethyl)cubane (5): Following General Pro-
cedure 1 with 1 (220 mg, 0.80 mmol) and #-BuLi (1.0 mL of 1.6 M
solution in hexanes, 1.60 mmol) using 1-bromohexane (0.22 mL, 1.60
mmol) as the electrophile. Purification by column chromatography
(silica; n-hexane:EtOAc, 9:1, v/v) and removal of solvents gave the
title compound as a colourless oil (182 mg, 0.78 mmol, 98 %). Ry =
0.62 (n-hexane:EtOAc, 10:1, v/v); "H NMR (600 MHz, CDCI3/TMS,
25 °C): 6 = 0.91 (t, *Jun = 6.9 Hz, 3H, CH,CH3), 1.27-1.33 (m, 8H,
hexyl-CH>), 1.57-1.59 (m, 2H, hexyl-CCH), 3.40 (s, 3H, OCH3;),
3.55 (s, 2H, CH;0), 3.63-3.64 (m, 3H, cubanyl-CH), 3.72-3.74 ppm
(m, 3H, cubanyl-CH); *C NMR (150 MHz, CDCI3/TMS, 25 °C): 6 =
13.9 (CHj), 22.5 (CH), 23.8(CH»), 29.4(CH,), 31.8 (CH,), 32.9
(CH»), 43.9 (cubanyl-CH), 45.3 (cubanyl-CH), 47.4 (q, C-hexyl), 57.7
(q, CCH;0), 59.0 (OCHj3) and 73.7 ppm (OCH,); IR (neat): v = 2958,
2922, 2853, 1725, 1456, 1387, 1115, 1101, 950, 928, 839 and 724 cm’
1; HRMS (APCI+) m/z caled. for Ci¢H240 [M]+: 232.1822, found
232.1818.

1-(Methoxymethyl)-4-tetradecylcubane (6): Following General
Procedure 1 with 1 (220 mg, 0.80 mmol) and #-BuLi (1.0 mL of 1.6 M
solution in hexanes, 1.60 mmol) using 1-bromotetradecane (0.47 mL,
1.60 mmol) as the electrophile. Purification by column chromatog-
raphy (silica; n-hexane:EtOAc, 15:1, v/v) and removal of solvents
gave the title compound as a low-melting, waxy, white solid (259 mg,
0.75 mmol, 94 %). M.p.: 32-34 °C; Ry = 0.58 (n-hexane:EtOAc, 10:1,
v/v); 'H NMR (400 MHz, CDCls, 25 °C): 6 = 0.86 (t, *Juu = 6.3 Hz,
3H, CH>CH3), 1.24 (m, 24H, alkyl-CH,), 1.53-1.54 (m, 2H, alkyl-
CCH,), 3.36 (s, 3H, OCH;), 3.51 (s, 2H, CCH>0), 3.59-3.60 (m, 3H,
cubanyl-CH), 3.68-3.69 ppm (app. m, 3H, cubanyl-CH); C NMR
(100 MHz, CDCls, 25 °C): ¢ = 14.1 (CH3), 22.7 (CH»), 24.0 (CH,),
29.3 (CH,), 29.6 (multiple-CH>), 29.7 (multiple-CH>), 31.9 (CHy),
33.0 (CH,), 44.0 (cubanyl-CH), 45.4 (cubanyl-CH), 47.5 (q, C-alkyl),
57.8 (q, CCH,0), 59.2 (OCHj3) and 73.8 ppm (OCH,); IR (neat): v =
2957, 2915, 2897, 1470, 1384, 1323, 1120, 1103, 932, 838 and 720
cm”'; HRMS (APCI+) m/z caled. for CpaHyO [M+H]: 345.3152,
found 345.3162.

1-(4-Bromobutyl)-4-(methoxymethyl)cubane (7):  Following
General Procedure 1 with 1 (220 mg, 0.80 mmol) and #BuLi (1.0 mL
of 1.6 M solution in hexanes, 1.60 mmol) using 1,4-dibromobutane
(0.45 mL, 2.40 mmol) as the electrophile. Purification by column
chromatography (silica; n-hexane:EtOAc, 9:1, v/v) and removal of
solvents gave the title compound as a colourless oil (195 mg, 0.69
mmol, 86 %). R = 0.38 (n-hexane:EtOAc, 10:1, v/v); 'H NMR (400
MHz, CDCls, 25 °C): § = 1.39-1.42 (m, 2H, CCH,CH,), 1.58 (t, *Jun
= 7.0 Hz, 2H, CCH,CH,), 1.82-1.89 (m, 2H, CH-CH,Br), 3.36 (s, 3H,
OCHj), 3.40 (t, *Juu = 6.8 Hz, 2H, CH,Br), 3.51 (s, 2H, CH,0), 3.60-
3.62 (m, 3H, cubanyl-CH), 3.69-3.72 ppm (m, 3H, cubanyl-CH); *C
NMR (100 MHz, CDCl;, 25 °C): 6 = 22.8 (CCH,CH,), 32.1
(CCH,CH»), 33.0 (CH>CH:Br), 33.9 (CH:Br), 44.0 (cubanyl-CH),

45.4 (cubanyl-CH), 48.5 (q, CCH,CH,), 57.9 (q, CCH,0), 59.2
(OCHs;) and 73.7 ppm (OCHy); IR (neat): v = 2965, 2927, 2831, 1726,
1453, 1387, 1117, 1099, 950, 927, 839 and 733 cm™'; HRMS (APCI+)
m/z caled. for C14H20BrO [M+H]": 283.0692, found 283.0699.
2-(4-(Methoxymethyl)cuban-1-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (11): Following General Procedure 1 with 1 (220 mg,
0.80 mmol) and #BuLi (1.0 mL of 1.6 M solution in hexanes, 1.60
mmol) using 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(0.33 mL, 1.60 mmol) as the electrophile. Purification by column
chromatography (Al,Oj3; n-hexane:EtOAc, 5:1, v/v) and removal of
solvents gave the title compound as a viscous semi-solid (184 mg,
0.67 mmol, 84 %). '"H NMR (400 MHz, CDCls, 25 °C): 6 = 1.29 (s,
12H, CCHs5) 3.40 (s, 3H, OCHj3), 3.55 (s, 2H, CCH,0), 3.97 ppm
(app. s, 6H, cubanyl-CH); *C NMR (100 MHz, CDCls, 25 °C): & =
24.8 (4 x CHj), 44.5 (cubanyl-CH), 47.9 (cubanyl-CH), 56.7 (q,
CCH0), 59.2 (OCH3), 60.4 (q, CB), 73.6 (OCH>) and 83.0 ppm (q,
OC(CH;),); "B NMR (128 MHz, CDCl;, 25 °C): 22.53 ppm; IR
(neat): v = 3205, 2977, 2261, 1727, 1450, 1371, 1148, 1098, 851 and
710 cm’; LRMS (APCI+) m/z caled. for C;¢HpBO; [M+H]":
275.1816, found 275.1758.
Tri-n-butyl(4-(methoxymethyl)cuban-1-yl)stannane (13): Fol-
lowing General Procedure 1 with 1 (220 mg, 0.80 mmol) and #-BuLi
(1.0 mL of 1.60 M solution in hexanes, 1.60 mmol) using tri-n-
butyltin chloride (0.48 mL, 1.60 mmol) as the electrophile. Purifica-
tion by column chromatography (silica; n-hexane:EtOAc, 19:1, v/v)
and removal of solvents gave the title compound as a yellow oil (272
mg, 0.62 mmol, 78 %). Ry = 0.57 (n-hexane:EtOAc, 10:1, v/v); 'H
NMR (400 MHz, CDCl;, 25 °C): 6 = 0.82-0.88 (m, 15H,
SnCH-,CH,CH,CHs), 1.22-1.31 (m, 6H, CH,CH,CH,), 1.47-1.51 (m,
6H, CH,CH3), 3.36 (s, 3H, OCH;), 3.51 (s, 2H, CCH-0), 3.90-3.92
(m, 3H, cubanyl-CH), 4.02-4.04 ppm (m, 3H, cubanyl-CH); *C NMR
(100 MHz, CDCl;, 25 °C): § = 8.6 (SnCH»), 13.7 (CH,CHs3), 27.2
(CH>CH3), 29.3 (CH>CH,CH,), 44.6 (q, SnC), 49.0 (cubanyl-CH),
50.0 (cubanyl-CH), 56.4 (q, CCH,), 59.1 (OCH;3) and 73.5 ppm
(OCH,); "”Sn NMR (149 MHz, CDCls, 25 °C): -7.5 ppm; IR (neat): ¥
= 2957, 2922, 2871, 2853, 1584, 1484, 1376, 1198, 1103, 947, 877,
841 and 668 cm™.*
(4-(Methoxymethyl)cuban-1-yl)diphenylphosphine(V) oxide
(15b): Following General Procedure 1 with 1 (220 mg, 0.80 mmol)
and #-BuLi (1.0 mL of 1.6 M solution in hexanes, 1.60 mmol) using
chlorodiphenylphosphine (0.29 mL, 1.60 mmol) as the electrophile.
Purification by column chromatography (Al,Os; n-hexane:EtOAc,
8:1, v/v) and removal of solvents gave the title compound as an off-
white solid (210 mg, 0.63 mmol, 79 %). M.p.: 114-116 °C;*” '"H NMR
(600 MHz, CDCl;, 25 °C): 6 = 3.38 (s, 3H, OCH3), 3.54 (s, 2H,
CCH;0), 3.99-4.01 (m, 3H, cubanyl-CH), 4.24-4.27 (m, 3H, cubanyl-
CH), 7.47-7.50 (m, 4H, Ph-m-CH), 7.54-7.56 (m, 2H, Ph-p-CH),
7.63-7.66 ppm (m, 4H, Ph-o-CH); °C NMR (100 MHz, CDCl;, 25
°C): 6 = 44.8 (d, *Jp.c = 5.5 Hz, cubanyl-CH), 46.6 (d, *Jp.c = 8.1 Hz,
cubanyl-CH), 53.0 (d, 'Jp.c= 67 Hz, q, CP), 57.4 (d, *Jp.c= 4.3 Hz, q,
CCH,0), 59.2 (OCH3), 72.7 (d, *Jp.c = 2.3 Hz, OCHy), 128.6 (d, *Jp.c
= 11.7 Hz, Ph-m-CH), 130.9 (d, *Jp.c = 9.5 Hz, Ph-o-CH), 131.6 (d,
"Jp.c= 100 Hz, q, Ph) and 131.7 ppm (d, “Jp.c= 2.7 Hz, Ph-p-CH); *'P
NMR (162 MHz, CDCl;, 25 °C): 6 =25.70 ppm; IR (neat): v = 3055,
2981, 2924, 2823, 1437 (P-C deformation band), 1388, , 1175, 1117,
1099, 924, 841, 723 and 695 cm’'; HRMS (APCI+) m/z caled. for
CH20,P [M+H]": 349.1352, found 349.1365.
(4-(Methoxymethyl)cuban-1-yl)trimethylsilane (16): Following
General Procedure 1 with 1 (220 mg, 0.80 mmol) and #BuLi (1.0 mL
of 1.6 M solution in hexanes, 1.60 mmol) using chlorotrimethylsilane
(0.20 mL, 1.60 mmol) as the electrophile. Purification by column
chromatography (silica; n-hexane:EtOAc, 8:1, v/v) and removal of
solvents gave the title compound as a colourless oil (159 mg, 0.72
mmol, 90 %). Ry = 0.55 (n-hexane:EtOAc, 6:1, v/v); 'H NMR (400
MHz, CDCls, 25 °C): § = -0.77 (s, 9H, SiCH3), 3.36 (s, 3H, OCHj3),
3.51 (s, 2H, CCH0), 3.73-3.76 (m, 3H, cubanyl-CH), 3.87-3.89 ppm
(m, 3H, cubanyl-CH); C NMR (100 MHz, CDCls, 25 °C): 6 = -4.9
(SiCH3), 43.4 (cubanyl-CH), 47.8 (cubanyl-CH), 48.4 (q, CSi), 57.5
(q, CCH,0), 59.1 (OCH3) and 73.6 ppm (OCH,); IR (neat): v = 2954,
2925, 2854, 1727, 1455, 1386, 1247, 1104, 832, 932, 834 and 742 cm’



l; HRMS (APCI+) m/z caled. for Ci3H,,0Si [M+H]+: 221.1356, found
221.1344.

Chloro(4-(methoxymethyl)cuban-1-yl)dimethylsilane (17): Fol-
lowing General Procedure 1 with 1 (220 mg, 0.80 mmol) and #-BuLi
(1.0 mL of 1.6 M solution in hexanes, 1.60 mmol) using dichlorodi-
methylsilane (0.50 mL, 4.00 mmol) as the electrophile. Purification
by column chromatography (Al,O;; n-hexane:EtOAc, 8:1, v/v) and
removal of solvents gave the title compound as a colourless oil (140
mg, 0.58 mmol, 73 %). 'H NMR (400 MHz, CDCL/TMS, 25 °C): § =
0.01 (s, 6H, SiCH3), 3.36 (s, 3H, OCHj3), 3.51 (s, 2H, CCH;0), 3.77-
3.82 (m, 3H, cubanyl-CH), 3.87-3.90 ppm (m, 3H, cubanyl-CH); B¢
NMR (100 MHz, CDCI;/TMS, 25 °C): 6 = -3.0 (SiCH3), 43.5 (cuba-
nyl-CH), 47.8 (cubanyl-CH), 49.4 (q, CSi), 57.2 (g, CCH,0), 59.1
(OCH3) and 73.5 ppm (OCHy); IR (neat): v = 2959, 2821, 1729, 1451,
1386, 1256, 1083, 1028, 841, 789 and 666 cm™.*

(2-Ethylhexyl 3-((4-(methoxymethyl)cuban-1-
yl)thio)propanoate (18): Lithiated cubane 4 was prepared via Gen-
eral Procedure 1 with 1 (280 mg, 1.00 mmol) and #~BuLi (1.25 mL of
1.6 M soln. in hexanes, 2.00 mmol). In a separate flask freshly recrys-
tallized N-chlorosuccinimide (130 mg, 1.00 mmol) was dissolved in
anhydrous toluene (1 mL) under argon and shielded from light. 2-
Ethylhexyl 3-mercaptopropanoate (0.2 mL, 0.90 mmol) was dissolved
in anhydrous toluene (1 mL) and added to the NCS solution over 30
minutes and left to stir at room temperature for another 30 minutes.
The sulfenyl chloride solution was then added dropwise to the lithiat-
ed cubane 4 at -78 °C and left to warm to room temperature over one
hour. Purification by column chromatography (silica; n-
hexane:EtOAc, 8:1, v/v) and removal of solvents gave the title com-
pound as a colourless oil (72 mg, 0.20 mmol, 22 %). Ry = 0.31 (n-
hexane:EtOAc, 6:1, v/v), '"H NMR (400 MHz, CDCls, 25 °C): 6=
0.90-0.94 (m, 6H, alkyl-CHj), 1.28-1.40 (m, 9H, alkyl-CH>/CH), 2.62
(t, *Jun = 7.5 Hz, 2H, SCH,CH.>), 2.84 (t, *Juu = 7.5 Hz, 2H, SCH.),
3.40 (s, 3H, OCHj3), 3.57 (s, 2H, CCH0), 3.87-3.89 (m, 3H, cubanyl-
CH), 3.92-3.93 ppm (m, 3H, cubanyl-CH), 4.03-4.05 ppm (m, 2H,
OCH,); C NMR (100 MHz, CDCls, 25 °C): 6 = 11.0 (alkyl-CH3),
14.1 (alkyl-CHs), 23.0 (alkyl-CH,), 23.8 (alkyl-CH>), 24.6 (SCH»),
28.9 (alkyl-CH,), 30.4 (alkyl-CH»), 35.5 (SCH,CH,), 38.7 (alkyl-
CH), 44.7 (cubanyl-CH), 48.9 (cubanyl-CH), 58.0 (q, CCH,0), 59.3
(OCH3), 60.8 (q, SC), 67.2 (CO,CH,), 73.2 (OCH,) and 172.1 ppm
(9, C=0); IR (neat): v = 2960, 2927, 2859, 1734 (C=0), 1461, 1388,
1348, 1201, 1132, 1101 and 840 cm"; HRMS (APCI+) m/z calcd. for
Cy1H3;058 [M+H]': 365.2145, found 365.2141.
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1. Cross-Coupling reactions on cubane systems

This section outlines the investigations performed on the utility of the synthesized cubane
systems as cross-coupling partners under palladium-catalyzed conditions. Reactions focused on those
techniques which have found most widespread tolerance for alkyl substituents namely, Suzuki-Miyaura,
Negishi and Stille cross-coupling reactions. In the case of the Suzuki-Miyaura reaction both halogenated

and borylated cubane synthons were employed.

1.1 Halogenated cubanes as Suzuki-Miyaura partners

Testing of halogenated cubanes as Suzuki-Miyaura partners began with methyl 4-bromocubane-
1-carboxylate!! S1 and phenyl boronic acid S2. A variety of conditions were trialled and are shown in
Table S1. A range of simple Pd(Il) catalysts and Pd(0) precatalysts were used in conjunction with
various bases. The only products observed in all cases were homocoupled biphenyl and unreacted

starting material S1.

Table S1: Trial couplings of S1 as bromide partner in Suzuki-Miyaura cross-coupling.

HO. __OH
Br B Pd Catalyst
Base
+ —_—
g © THF
MeO,C MeO,C
s1 s2 s3
Catalyst Temp Time  Yield
Entry (mol-%%) Base (eq.) C) h) (%)
1 Pd(PPhs)4(10) K2COs (5) 65 16 0
2 PdCl,(dppf) (10) K2COs (5) 65 16 0
3 PdCl,(dppf) (10) Cs2COs3 (5) 65 16 0
4 PdCl,(dppf) (10) K3PO:s (8) 65 16 0
5 PdCl,(dppf) (10) K2COs (8)/Ag20 (7) 65 16 0
6 PdCl,(dppf) (10) 25M (ag.) NaOH (10) 65 16 0

Reaction conditions: All reactions were performed at 20 mM cubane concentration using 3 equivalents
of 96 under argon.

The absence of any coupled product observed from the reactions of S1 resulted in attention
turning to themore reactive iodocubanes. The initial trial material for these investigations was 1-bromo-
4-iodocubanel? S4, obtained via iodinative decarboxylation of S1. Reactions were performed on test
scales with this material and S2 under a variety of conditions (Table S2, Entries 1-7). While trace
product formation was detected by ESI mass spectrometry, this material could not be isolated and
identified. Two further (and more readily available) iodocubanes, methyl 4-iodocubane-1-carboxylatel®!
S5 (Table S2, Entries 8-12) and iodocubanel® S6 (Table S2, Entries 13-15) were thus utilized under
similar conditions. In these cases coupled products could again only be identified in trace amounts;

insufficient for characterization; with the major products in all cases being unreacted starting material

S2



and biphenyl. Standard methods of facilitating the coupling of alkyl halides proved ineffective at

increasing yields to detectable levels. However, if any trend can be observed, it is that use of PdCI.(dppf)

or Ag,O appears more likely to lead to trace product detection. Other criteria seem to play a minimal

role in the observed outcomes.

Table S2: Suzuki-Miyaura couplings of iodocubanes with 96.

R R’
R'=Br, S4 S2 R'=Br, §7
R'=CO,Me, S5 R'=CO,Me, S3
R'=H, S6 R'=H, S8
Entry S.M. Catalyst (mol-%)  Base (eq.)  Solvent E)m € El;gr;p Result!
1 S4  PdCly(dppf) (10) K.COs (8)  THF 72 65 Trace S7
K3PO, (8)/
2 S4  PdCly(dppf) (10) AgO (7) THF 72 65 Trace S7
S7 not
3 S4  Pd(PPhs)s (10) KsPO4(8)  THF 16 65 Setected
4 S4  PdCly(PPhs), (10)  KsPO,(8)  THF 16 65 Trace S7
S7 not
5 S4  PdCly(dppf) (10) KsPOs(8)  THF 16 r.t. detected
6 S4 PdClIy(dppf) (10) Cs:CO3(4) THF 16 65 Trace S7
S7 not
7 S4 PdCl,(dppf) (5) Cs,CO3(4) THF 16 65 detected
K3PO, (8)/
8 S5  PdCly(dppf) (10) A0 (7) THF 16 65 Trace S3
S3 not
9 S5 Pd(PPhs), (10) K3POs (8) THF 48 65 detected
S3 not
10 S5  PdACly(PPhs), (10)  KsPO,(8)  THF 72 65 detected
11 S5  PdCly(dppf) (10) KsPO4(8)  THF 72 65 Trace S3
12 S5 PdClI(dppf) (10) K2COs (8) DMF 72 120 Trace S3
K3PO, (8)/
13 S6 PdClI,(PPhs), (10) Ag:0 (7) THF 72 65 Trace S3
K3PO, (8)/
14 S6 Pd(PPhs)4 (10) Ag:0 (7) THF 72 65 Trace S8
K3PO, (8)/
15 S6 PdCl,(dppf) (10) Ag:0 (7) THF 72 65 Trace S8

Reaction conditions: All reactions were performed at 20 mM cubane concentration using 3 equivalents
of S2 under argon. [ Coupled products detected by EI MS.
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1.2 Borylated cubanes in the Suzuki-Miyaura reaction

The first borylated systems to be studied were the class of cubane boronic acid pinacol esters. In
the main text the synthesis of 11 (a hydroxymethyl substituted cubane boryl ester) is described.
However, this portion of the work was performed prior to the synthesis of 11 and used iodocubane S6
as the iodinated cubane precursor (Table S3). The borylation reaction of S6 proceeds exactly as
described for 11, however, complete purification of cubane boronic ester S9, proved more complicated
than for the disubstituted system (presumably due to enhanced stability and altered solubility profile
afforded by the hydroxymethyl group). As a result, S9 was not isolated but instead typically generated
and used in situ. Table S3 outlines the various reaction conditions employed to effect the cross-coupling
of S9 with two aryl iodides. The Suzuki-Miyaura couplings of S9 present two distinct results — either
recovery of the majority of the generated S9 or the complete absence of any cubane product after work-
up.

Table S3: Suzuki-Miyaura couplings of cubane boronic acid pinacol ester.

| 1. t-BulLi (2 eq.)
g -78 °C, THF g
2.

S6

O/ not |solated =H, $10 1 -
(2 eq.) = CO,Et, S11 R'= COzEt S12
Catalyst Ag:O  Tem

#  Arl (mol-g//o) Base (eq.) (Sg(:q.) ¢C) P Result

1 S10 PdCI(PPhs), (10)  K3PO4 (8) Yes 65 S9 recovered

2 S10 Pd(PPhs)4 (10) K3PO4 (8) Yes 65 S9 recovered

3 S10 PdCly(dppf) (10) K3PO4 (8) Yes 65 No cubane product
4 S10 PdCl,(dppf) (10) 10M NaOH (8)  Yes 65 No cubane product
5 S10 PdClz(dppf) (10) K3PO: (8) No 65 No cubane product
6 S10 PdClz(dppe) (10) K3PO4 (8) Yes 65 No cubane product
7 S10 Zizégfa?bglo)/ K3PO4 (8) Yes 65 No cubane product
8 S11 PdClI»(PPhs). (10) KsPO4 (8) Yes 65 No cubane product
9 S11 PdClz(dppf) (10) K3POs (8) No 65 No cubane product
10 | s11 PdClz(dppf) (10) Cs,COs (4) No 65 No cubane product
11 | s11 PdCl,(dppf) (10) K3PO4 (8) No 120%  No cubane product
12 | S11 PdCl,(dppf) (10) K3POs (8) No 20 S9 recovered

13 | S111  PdCl,(dppf) (10) Cs,CO3 (4) No 65 No cubane product
14 | S11P1  PdCly(dppf) (10) KsPO, (8) No 1208 No cubane product

Reaction conditions: S9 was generated in situ from the reaction of S6 with t-BuLi in THF at -78 °C.
Catalyst, base and aryl iodide were added after generation and heated. All coupling reactions were
performed at 20 mM cubane concentration for 16 hours in THF under argon using 1.2 equivalents of
aryl iodide unless otherwise stated. ¥ THF was removed in vacuo after generation of S9 and DMF
added. ! 0.33 equivalents of S11 added.
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The requirements for the decomposition of the cubane system were thus found to be through use
of a bulky, electron-rich ligand at elevated temperatures. There are two explanations that can account
for the entirety of these results. Firstly, that, with highly activated conditions, some palladium species
is facilitating the decomposition of the cubane scaffold. No indication of any of the reported
decomposition pathways of cubane (cyclooctatetraenes,™ cuneanes!® or cubenest™) was detected by *H
NMR or HRMS analysis after any reaction. From *H NMR analysis of unpurified reaction mixtures
immediately following the removal of the solvent, only aryl halide signals could be identified, with no
other identifiable organic signals present. The presence of the aryl halide in all crude mixtures supports
the hypothesis that this decomposition is occurring somewhere between transmetallation of the
alkylboronic ester and reductive elimination of the coupled product. The other possibility is that the
products S8 and S12 are being formed but are unstable under the reaction conditions or that homo-
coupling of S9 is also occurring and producing a volatile product.

The failure of the boronic esters to produce any clear reaction led to the pursuit of more active
substituents, namely cubane-BBN derivatives. The synthesis of hydroxymethyl derivative 12 is detailed
in the main text. In a manner akin to that described previously iodocubane S6 was also used as a
precursor for these reactions. In both cases the instability of alkyl-BBN derivatives required the active
nucleophiles to be generated and used in situ. The results of the couplings of cubane-BBN derivatives
12 and S13 with iodobenzene are detailed in Table S4. In all cases, using cubane-BBN derivatives in
the presence of palladium catalysts led to decomposition of the cubane scaffold. Upon work-up, no
identifiable organic signals, with the exception of unreacted iodobenzene S10, could be detected in the
'H NMR spectra. This occurred independently of the Pd source used, the presence of silver(l) oxide,
the solvent or the base. The failure to recover any of the starting material from any reaction meant that,
unlike the previous work with the boronic esters, thermal or aerobic decomposition of S13 or 12 could
not be eliminated as the reason for the absence of any cubane material upon work-up. Several details
from later studies (vide infra) support the hypothesis that, in an identical manner to that discussed
previously, the palladium species, through an unknown pathway, is facilitating decomposition of the
cubane scaffold. Unlike in the boronic ester case, however, the higher reactivity of the BBN derivatives
towards transmetallation means that this process occurs more favorably and under milder conditions

with BBN-appended cubanes.
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Table S4: Cross-coupling reactions of cubane-BBN derivatives 12 and S13.

| 1. t-BuLi (2 eq.)
J%( .78 °C, THF Jg +
- —
2 1 1
R’ R s10 R
B not isolated

R'=H, S6 70" (2eq)  R'=H,S13 R'=H, S8

R'= CH,OCHj, 1 R'=CH,OCHj3, 12 R'=CH,OCHj;, S14

# S.M. Catalyst (mol-%0) Base (eq.) Solvent z;g;]p Result

1 S13E  PdCly(dppf) (10) K3POy4 (8) THF 65 No cubane

2 5136 Pd(PPhs)4 (10) K3POs4 (8) THF 65 No cubane

3 S13 PdCl,(dppf) (10) NaOH (3) THF:H,0 (5:1) 65 No cubane
NaOH (3)/ _ _

4 S13 PdCl,(dppf) (10) Ag:0 (3) THF:H.0 (5:1) 65 No cubane
K2C03 (8)/ [b]

5 S13 PdCl,(dppf) (10) Ag:0 (3) DMF 50 No cubane

6 12 PdCl,(dppf) (10) NaOH (4) THF:H.O (5:2) 65 No cubane

7 12 PdClz(dppf) (10) NaOH (4) THF:H,O (5:2) r.t. No cubane

8 12 PdCI»(PPhs), (10) NaOH (4) THF:H,O (5:2) 65 No cubane

9 12 Pd(PPhs)s (5) NaOH (4) THF:H,O (5:2) 65 No cubane

10 |12 PdCl,(dppf) (5) K2COs3(8) DMF! 50 No cubane

1 12 PdCl,(dppf) (5) K>CO3(8) DMF! rt. No cubane

Reaction conditions: Nucleophiles were generated in situ from the reaction of iodocubanes with t-BuL.i
in THF at -78 °C. Catalyst, base and S10 were added after generation and heated. All coupling reactions
were performed at 80 mM cubane concentration for 16 hours under argon using 0.9 equivalents of S10
unless stated. [ 0.5 equivalents S10 added. ! THF removed after generation and replaced with DMF.

1.3 Negishi reactions of cubylzinc(l1) halides

The initial studies into the Negishi cross-coupling of 14 with iodobenzene S10 are detailed in
Table S5. The initial four studies (Entries 1-4) were performed in order to assess the stability of 14
under the reaction conditions by omitting various reagents. Entries 1 and 2 indicate the stability of the
cubane scaffold at room temperature in THF. Entry 3 shows that if 14 is heated overnight in THF, in
the absence of any other materials, the hydrolyzed product 3a is obtained after work up and Entry 4
indicates that the same process occurs in the presence of all reagents with the exception of the palladium
catalyst. When this hydrolysis is occurring — i. e., during the course of the reaction or upon work-up —
was not examined as it was deemed unimportant with relation to this study. The iodinated starting

material 1 was found to be entirely stable to all conditions employed in Table S5.
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Table S5: Negishi cross-couplings and stability studies of 14.

| 1. t-BuLi (2 eq.) Zn—Cl
78 °C, THF ©
/O 2. ZnCI2 (2 eq
1 not isolated S14
14
"
/O\/ 3a

Catalyst I-Ph  NMP LiCl Temp Time .
ENtrY 10 mol-96) (eq) (%vVh) (eq) (C)  (h)  oObservation
1 N/A 0 0 0 r.t. 1 Quantitative 3a
2 N/A 0 0 0 r.t. 18 Quantitative 3a
3 N/A 0 0 0 65 18 Quantitative 3a
4 N/A 1 33 4 65 18 Quantitative 3a
5 PdCl,(dppf) 2 0 0 65 16 Quantitative 3a
6 Pd(PPhs)4 2 0 0 65 16 Quantitative 3a
7 PdCl(dppf) 2 0 2 65 16 Quantitative 3a
8 PdCl,(dppf) 1 0 0 65 16 Quantitative 3a
9 PdCl,(dppf) 1 33 4 65 16 No cubane
10 PdCl(dppf) 0 33 4 65 16 No cubane
11 PdClx(dppf) 1 33 4 r.t. 16 Quantitative 3a
12 PdCl,(dppf) 1 33 4 40 16 Some 3a
13 Pd,(dba)s/P(Cy)s 1 33 4 65 16 No cubane

Reaction conditions: 14 was generated in situ from the reaction of 1 with t-BuLi in THF at -78 °C.
Catalyst, salt and S10 were added after generation and heated. Reactions were quenched with dilute
HCI. All reactions were performed at 85 mM cubane concentration under argon.

The process of the Negishi cross-coupling reaction appears remarkably similar to that observed
in the Suzuki-Miyaura cross-couplings — i. e., under appropriate conditions the cubane scaffold
decomposes with no detectable organic residues remaining. The requirement for some form of
palladium species to be present is clear — definitively proving that the process is indeed a Pd-catalyzed
one. From Table S5 the conditions that lead to the decomposition of the cubane system under Negishi
conditions can be delineated — namely, heating in the presence of palladium in a highly polar NMP/THF
solvent system. Absence of any of these three conditions allows for the retrieval of hydrolyzed cubane
from the reaction mixture. This result therefore outlines the conditions required to produce
transmetallation of the cubane-zinc system.

The outstanding question from Table S5 was that if transmetallation to the Pd center is occurring,

then can a more suitable halide coupling partner produce effective cross-coupling? To this end, the
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reaction conditions which were shown to lead to decomposition (presumably initially via
transmetallation) were applied for the cross-coupling of 14 with various aromatic halides as the
electrophilic partners (Scheme S1). Both electron withdrawing and donating effects were investigated
with this series of electrophiles as well as the nature of the halogen present. In all cases, no cubane
product was obtained at the end of the reaction. This lends further proof towards the theory that the

palladium-catalyzed route in question is indeed independent of the standard cross-coupling catalytic

cycle.
Br |
R
NH, NH,
Zn—X Br PdCly(dppf) (10 mol-%)
LiCl (4 eq.)
+ # >
THF/NMP (3:1, viv
0 F ( ) 0
14 | Br 65°C
NO,
CO,Et NO,

Scheme S1: Attempted Negishi reactions of 14 with various aryl halides.

This work on the Negishi reaction possesses clear parallels to the earlier work on the Suzuki-
Miyaura couplings and helps answer some of the outstanding questions from that section. In both cases,
a decomposition process of activated cubane systems is occurring in the presence of palladium salts.
Similarly, both reactions require highly reactive conditions to effect this process — indicating an energy
barrier akin to that existing in transmetallation. Indeed the conditions which, when employed, lead to
decomposition, are identical to those reported as being most effective for the transmetallation and

subsequent cross-coupling of alkyl substituents.®!

1.4 Cubane and the Stille reaction

The studies into the effectiveness of Stille cross-coupling conditions were less detailed than those
performed previously, in part due to the comparative lack of significant reported modifications and also
because the observed initial results were broadly similar to those obtained with the other two
methodologies. The results of this investigation are presented in Table S6. One significant advantage
the Stille reaction has over the others discussed is the stability of the stannylated cubane component 13.
Unlike the borylated cubanes and cubylzinc(Il) halides, these compounds are stable for short periods
on silica gel and towards light, heat and air. This eliminates these means of decomposition as plausible

avenues, allowing for a more conclusive analysis of results.
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The results detailed in Table S6 illustrate an identical pattern of reactivity to that observed
previously. Decomposition of the cubane scaffold occurs through use of a bidentate ligand on the Pd
complex while heating in a highly polar solvent (Entries 4, 7 and 8). Otherwise, the stannylcubane can
be recovered quantitatively from the reaction. The presence of Cul as an activator plays a minimal role
in comparison to the other conditions. The stability of 13 indicate that transmetallation of the cubane
scaffold must be occurring. Highly activated conditions are required to promote transmetallation of the
stannylated cubane scaffold, which may also be required to facilitate the decomposition reaction from
the Pd-complex. The close agreement of results indicates that the pathway is largely independent of the

specific methodologies employed but rather a general trait of the active Pd-cubane complex.

Table S6: Attempted Stille couplings of 13 with S10.

[
/O /O
S10

SnBus

13 S14

Catalyst Salt Temp .
Entry (10 m%l-% ) Solvent (€q.) (°C) Observation
1 Pd(PPhs)s DMF LiCl (4) 50 13 recovered
2 Pd(PPhs)a DMF Cul (0.3) 50 13 recovered
4 PdClz(dppf) THF LiCl (4) 65 13 recovered
5 PdCl,(dppf) THF/NMP (3:1) LiCl (4) 65 No cubane
6 PdCl2(dppf) THF/NMP (3:1) Cul (0.3) 65 No cubane
7 PdClz(dppf) THF/NMP (3:1) Cul (0.3) rt. 13 recovered

Reaction conditions: All reactions were performed at 85 mM cubane concentration under argon for 16
hours using 1 eg. S10.

1.5 Utilization of highly active catalyst systems

All of the work discussed thus far has focused on the use of standard palladium-phosphine
catalyst systems. A representative member of a more highly activated catalyst class, the N-heterocyclic
carbene Pd-PEPPSI-iPr S15, was subsequently utilized in each of the three coupling methodologies
discussed. The goal here was to attempt to obtain transmetallation at milder conditions to further probe
the catalytic process and test whether the highly activated conditions employed previously are also
required for the decomposition process to occur, i. e. if transmetallation can be achieved under milder
conditions will the desired reductive elimination become possible?. Table S7 outlines the results of this
catalyst under Negishi and Stille coupling conditions, whilst Table S8 illustrates the same for the

Suzuki-Miyaura protocol.
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Table S7: Use of Pd-PEPPSI-iPr as catalyst in Negishi and Stille couplings.

R1
|1, t-BuLi (2 eq.) M R'=H, S10

-78 °C, THF R!' R'=CO,Et, S11

—_— ’

2. MCI (2 eq.) , .
/O y iPr =\ iPr /O

1 N_ N
M = ZnCl, 14 g T @ R'=H, 814
M = SnBug, 13 |'P—rP|d£rC| R'= CO,Et, S16
N
]
X Cl
$15 (5 mol-%)
Entry Cubane Ar-1(eq.) NMP LiCl Temp Time  Observation
(“M”) (Yoviv)  (eq)  ©C) (h)

1 14 (ZnCl) S11 33 4 65 18 No cubane
2 14 (ZnCl) S11 0 4 65 18 No cubane
3 14 (ZnCl) S11 33 4 r.t. 18 No cubane
4 14 (ZnCl) S11 0 0 r.t. 18 No cubane
5 14 (ZnCl) S10 0 0 -55 3 No cubane
6 14 (ZnCl) S108l 0 0 -55 3 Trace 3a
7 13 (SnBus) S11 33 4 r.t. 18 No cubane
8 13 (SnBus) S11 0 4 r.t. 18 No cubane

Reaction conditions: Metallocubanes were generated in situ from the reaction of 1 with t-BuL.i in THF
at -78 °C. Catalyst, salt and Ar-I were added after generation and heated. All coupling reactions were
performed at 80 mM cubane concentration under argon using 5 mol-% S15 and 1 eq. of Ar-I unless
stated. [ 0.33 equivalents S10 added.

Both tables present distinct reactivities with relation to the previous work. In all cases the PEPPSI
catalyst was much more efficient at initiating transmetallation of the activated cubane nucleophiles than
standard Pd-phosphine complexes. The product was still not a recognizable cubane system, however,
and no organic residues, with the exception of the aryl halide, could be identified in any reaction flask.
This led to the conclusion that, in all cases with S15 as catalyst, the cubane system underwent the same
decomposition as was witnessed with the highly activated coupling conditions using Pd-phosphine
complexes discussed previously. This decomposition pathway and product(s) are still unidentifiable.
Cyclooctatetraene can be confidently ruled out due to the absence of any alkene signals in the *H NMR.
Cuneane remains a possibility, but the complete absence of any spectral indication of its presence deems
it unlikely. The lack of any discernible CH3-O-CH, fragment in the *H NMR provides compelling
evidence that the products of the catalysis reactions are volatile alkanes and ethers which are too labile

for characterization. Removing the THF solvent in as mild a manner as possible failed to allow recovery

S10



of said fragments. Short of isolating the Pd-cubane complex, attempts of which proved unsuccessful,

no further method of examining the mechanism could thus be conceived.

Table S8: Suzuki-Miyaura cross-couplings using Pd-PEPPSI-iPr as catalyst.

Q
B-0
I
1 or + — >
L $15 (5 mol-%) o
B /
S10
S14
/O
12
T Time
Entry Cubane Base (eq.) ©C) (h) Result
1 12 1M NaOH/H20 (4) r.t. 18 No cubane
2 12 1M NaOH/H20 (4) r.t. 18 No cubane
3 11 1M NaOH/H0 (4) r.t. 18 No cubane
4 12 1M NaOH/MeOH (4) r.t. 18 No cubane
5 12 K3PO4 (10) r.t. 18 No cubane
6 12 2M NaOH/MeOH (8) 55 3 No cubane
7 11 2M NaOH/MeOH (8) -55 3 Trace 11
8 121 2M NaOH/MeOH (8) 55 3 Trace 12
9 110 2M NaOH/MeOH (8) -55 3 Trace 11

Reaction conditions: 11 and 12 was generated in situ from the reaction of 1 with t-BuLi in THF at -78
°C. Catalyst, base and S10 were added after generation and heated. All coupling reactions were
performed at 90 mM cubane concentration under argon using 5 mol-% S15 and 1 equivalent of Ar-I
unless stated. [ 0.33 equivalents S10 added.

Certain key differences indicating the higher activity of the NHC-catalyst system with relation to
the classical systems employed previously were nevertheless observed. Whilst with the standard Pd-
phosphine catalysts there appeared to be a significant thermal effect with
transmetallation/decomposition typically requiring elevated temperatures; the PdPEPPSI-catalyzed
transformation is temperature independent as both Negishi and Suzuki-Miyaura conditions led to
decomposition at room temperature as well as when the reaction was performed at -55 °C for just three
hours. Similarly, transmetallation and decomposition of the stannylcubane complex proceeded at room
temperature. The nature of the additives is also less crucial when utilizing S15. The presence of NMP
in the Negishi or Stille reaction, which was previously a key component required for the catalytic
decomposition, was unnecessary when using S15 as the catalyst system. The pronounced effect

regarding the nature of the boron component in the Suzuki-Miyaura appears to be practically non-
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existent when using S15. Only when performing the reaction at -55 °C for a short time period was any
deviation between the reactivity of 11 and 12 observed.

The decomposition of the cubane systems at -55 °C severely limits further analysis of the process.
With the conditions discussed in the previous sections it was theorized that a thermal component may
be involved in the decomposition pathway — indicating that if transmetallation could be achieved at
lower temperatures reductive elimination and therefore cross-coupling may become competitive. The
observed decomposition at low temperatures proves this assumption false, however. While proving that
transmetallation can be achieved at much milder conditions it now also appears likely that the
decomposition of the Pd-cubane complex is a favorable one both thermodynamically and kinetically
and no avenues for trapping or observing this complex appear viable. The conclusion on the basis of
the entire study is therefore that, after transmetallation but prior to reductive coupling, the palladium
center is catalyzing a sigma-sigma bond migration in an effort to relieve the ring strain of the cubane
scaffold. In a departure from such systems which have been previously reported,7 this rearranged
intermediate must then be undergoing further decomposition, leading to volatile organic fragments or
long chain alkanes and ethers unidentifiable by spectroscopic analysis. The stability of the unactivated,
iodinated, cubane scaffold to all of the above conditions has been established and no such
decomposition process was observed in the trial couplings of halogenated cubanes previously. The
present process must therefore require highly nucleophilic cubane systems. The failure to achieve any
cross-coupling reaction with any of the various Pd-catalyzed processes proved a significant
disappointment. It does not seem likely that any palladium-catalyzed cross-couplings of cubane
scaffolds are viable synthetic pathways. While compelling evidence for the transmetallation of cubane
nucleophiles was obtained in all cases, the exact nature of the decomposition products of this complex
could not be determined. Ideally, the nature of this Pd-cubane intermediate would be determined,
however, no facile way to achieve this could be envisaged and further investigations were deemed

beyond the scope of the present synthetic study.
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2. General experimental information

All commercial chemicals used were supplied by Sigma Aldrich, Frontier Scientific, Inc. and
Tokyo Chemical Industry and used without further purification unless otherwise stated. Anhydrous
THF was obtained by drying over sodium/benzophenone, followed by distillation. Silica gel 60 (Merck,
230-400 mesh) or aluminium oxide (neutral, activated with 6.5 % H,O, Brockmann Grade II1) were
used for flash column chromatography. Analytical thin layer chromatography was carried out with silica
gel 60 (fluorescence indicator F2ss; Merck) or aluminium oxide 60 (neutral, Fss; Merck) plates and
stained with vanillin or p-anisaldehyde solutions where necessary. Melting points are uncorrected and
were measured with a Stuart SP-10 melting point apparatus. NMR spectra were recorded using Bruker
DPX 400 (400.13 MHz for *H NMR and 100.61 MHz for 3C NMR), Bruker AV 600 (600.13 MHz for
'H NMR and 150.90 MHz for *C NMR), Bruker AV 400 (400.13 MHz for *H NMR, 128.41 MHz for
1B NMR, 162.02 MHz for 3'P NMR and 149.24 MHz for *°Sn NMR) or Agilent MR400 (400.13 MHz
for 'H NMR and 100.61 MHz for 3C NMR) instruments. Chemical shifts are given in ppm and
referenced either to the deuterium peak in the NMR solvent or TMS used as an internal standard. The
assignment of the signals was confirmed by 2D spectra (COSY, HMBC, HSQC). ESI mass spectra were
acquired in positive and negative modes as required, using a Micromass time of flight mass
spectrometer (TOF), interfaced to a Waters 2690 HPLC or a Bruker micrOTOF-Q Il spectrometer
interfaced to a Dionex UltiMate 3000 LC. APCI experiments were carried out on a Bruker micrOTOF-
Q Il spectrometer interfaced to a Dionex UltiMate 3000 LC or direct insertion probe in positive or
negative modes. EI mass spectra were acquired using a GCT Premier Micromass time of flight mass
spectrometer (TOF) in positive mode at 70eV. IR spectra were recorded on a Perkin-Elmer Spectrum
100 FT-IR spectrometer. CHN analyses were performed on an Exeter Analytical CE 440 elemental
analyser fitted with a Varian 55B SpectraAA atomic absorption spectrometer and are reported when

detected within a 0.4 % error margin.

3. Experimental

Dimethyl cubanyl-1,4-dicarboxylate and its precursors were synthesized as per Tsanaktsidis’
method.®! This was converted to methyl 4-iodocubanyl-1-carboxylate S5 and reduced through known
procedures.®’! lodocubane S6M! was synthesized by Eaton’s procedures from appropriate precursors.
Methyl 1-bromocubanyl-4-carboxylate S1 and its precursors were synthesized as described by Klunder
and Zwanenburg.™ 1-Bromo-4-iodocubane S4 was synthesized via Moriarty’s process!? and converted
into 2 through standard methodologies.l*®! All compounds and intermediates had analytical data

consistent with literature values.
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4. Copies of NMR spectra for all new compounds
Figure S1: *H NMR spectrum of 1 in CDCls.
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Figure S2: *C NMR spectrum of 1 in CDCls.
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Figure S3: *H NMR spectrum of 3a in CD
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Figure S4: *C NMR spectrum of 3a in CDCls.
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Figure S5: *H NMR spectrum of 5 in CDCls.
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Figure S6: *C NMR spectrum of 5 in CDCls.
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Figure S7: *H NMR spectrum of 6 in CDCls.
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Figure S8: *C NMR spectrum of 6 in CDCls.
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Figure S9: *H NMR spectrum of 7 in CDCls.
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Figure S10: *3C NMR spectrum of 7 in CDCls.
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Figure S11: *H NMR spectrum of 11 in CDCls.
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Figure S12: **C NMR spectrum of 11 in CDCls.
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Figure S13: 1'B NMR spectrum of 11 in CDCls.
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Figure S14: *H NMR spectrum of 13 in CDCls.
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Figure S15: 3C NMR spectrum of 13 in CDCls.
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Figure S16: ¥°Sn NMR spectrum of 13 in CDCls.
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Figure S17: *H NMR spectrum of 15b in CDCls.
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Figure S18: 3C NMR spectrum of 15b in CDCls.
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Figure S19: 3P NMR spectrum of 15b in CDCls.
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Figure S20: IR spectrum (neat) of 15b.
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Figure S21: *H NMR spectrum of 16 in CDCls.
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Figure S22: **C NMR spectrum of 16 in CDCls.
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Figure S23: *H NMR spectrum of 17 in CDCls.
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Figure S24: *C NMR spectrum of 17 in CDCls.
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Figure S25: *H NMR spectrum of 18 in CDCls.
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Figure S26: *H NMR spectrum of 18 in CDCls.
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5. Alternate images of crystal structure of 15b

Figure S27: Molecular structure of 15b (thermal displacement 50%) with both disordered moieties

shown (68:32%) Hydrogens omitted for clarity.

Figure S28: Minor disordered moiety of 15b (32%). shown with atom labelling. Hydrogens omitted

for clarity.
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Figure S29: Major disordered moiety packing shown with labels omitted (68%). Hydrogens omitted

for clarity.
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Figure S30: Minor disordered moiety packing shown with labels omitted (32%). Hydrogens omitted

for clarity.
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