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ABSTRACT: We report here a catalytic method for the modular
ring expansion of cyclic aliphatic alcohols. In this work, proton-
coupled electron transfer (PCET) activation of an allylic alcohol
substrate affords an alkoxy radical intermediate that undergoes sub-
sequent C—C bond cleavage to furnish an enone and a tethered alkyl
radical. Recombination of this alkyl radical with the revealed olefin
acceptor in turn produces a ring-expanded ketone product. The re-
gioselectivity of this C—C bond-forming event can be reliably con-
trolled via substituents on the olefin substrate, providing a means
to convert a simple N-membered ring substrate to either n+1 or n+2
ring adducts in a selective fashion.

Aliphatic rings are key structural elements in functional mole-
cules ranging from pharmaceuticals and natural products to ligands
and polymers.! Accordingly, methods that enable direct intercon-
version between ring-size isomers are important technologies that
can provide useful retrosynthetic disconnections and facilitate the
evaluation of structure-function studies (Figure 1a and 1b). While
appealing in principle, the development of general catalytic meth-
ods for ring-size modulation remains limited in practice, as suc-
cessful transformations require orchestrating non-degenerate C—C
bond-breaking and bond-forming events to occur in a controlled
and sequential fashion. Moreover, conversion of readily accessible
5- and 6-membered ring starting materials to either medium- or
small-ring compounds is often thermodynamically challenging due
to a concomitant increase in ring-strain.? Significant and enabling
advances in this area have been realized by Dong, Zuo, Beckwith,
and others,? which have demonstrated the value of this strategy.
However, the discovery and development of complementary meth-
ods are necessary to further expand the reach and generality of this
approach.

In this context, we became interested in developing new ring-
expansion methods based on our recent work in the ring-opening
isomerization of cyclic alcohols.***" In these reactions, proton-cou-
pled electron transfer (PCET) activation of the strong O—H bond in
an aliphatic alcohol substrate is jointly catalyzed by an excited-state
oxidant and weak Bronsted base to form a key alkoxy radical inter-
mediate. This O-centered radical can then mediate the 3-scission of
an adjacent C—C bond to furnish a new carbonyl group and a teth-
ered alkyl radical, which can either be reduced by a thiol H-atom
donor catalyst or trapped by a variety of other stoichiometric rea-
gents. We questioned whether a similar series of elementary steps
might be adapted for use in a ring-expansion protocol utilizing

A) Goal: General catalytic methods for ring size manipulation

—_— —_— _—

B) Benefits: Access structurally distinct cores without de novo synthesis
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Figure 1. (a) Development of general methods for ring-size mod-
ulation; (b) access to structurally distinct cores via ring-size mod-
ulation; (c) PCET-enabled ring-expansion methods of cyclic alco-
hols.

readily accessible cyclic allylic alcohol-based substrates derived
from the addition of vinyl nucleophiles to simple ketones (Figure
Ic). In this scheme, the alkoxy radical formed via excited-state
PCET would undergo ring-opening 3-scission to reveal a new a.,f3-
unsaturated ketone and a tethered alkyl radical. The alkyl radical
could then recombine with the revealed enone to form a new C—-C
bond within the framework of a ring-expanded carbocycle. By var-
ying the regioselectivity of this olefin addition step, such a strategy
could provide access to homologated products incorporating either
both olefinic carbons (n+2 expansion) or only a single carbon (n+1
expansion) into the new ring structure. Such methods would pro-
vide a useful complement to classical radical ring expansion reac-
tions developed by Beckwith, Dowd and Saegusa.>™ 34 Here we re-
port the successful development of both variants, providing a mod-
ular means to take simple and readily accessible cyclic alcohols di-
rectly to medium-ring ketones through a common PCET-based
mechanism. The design, optimization, and scope of these processes
are presented below.
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As depicted in Figure 1c, we envisioned a prospective mech-
anism for the n+2 ring expansion wherein excited-state O—-H PCET
and subsequent ring-opening [-scission would result in the for-
mation of a nascent enone acceptor and tethered alkyl radical. Rad-
ical 1,4-conjugate addition between these partners would lead to
the formation of a new ring structure that incorporates both carbons
of the exocyclic olefin. Following C—C bond formation, the result-
ing a-acyl radical can be reduced by the Ir(Il) state of the photo-
catalyst to furnish an enolate intermediate and then protonated by
the conjugate acid of the Brensted base catalyst to close the cycle.

Our initial efforts in n+2 ring expansion focused on piperidine-
based alcohol substrate 1. Adapting previously established O—H
PCET conditions, we were pleased to find that treatment of 1 with
3 mol% of [Ir(dF(CF3)ppy)2(5,5'-d(CF3)bpy)]PFs (A) and 40 mol%
of a diphenyl phosphate base under blue light irradiation in CH»Cl,
directly afforded the 8-membered ring ketone 1a in 27% yield (Ta-
ble 1, entry 1).** Further optimization revealed that aromatic sol-
vents (entries 4—7) were generally more effective than non-aro-
matic solvents (entries 1-3), with o,a,a-trifluorotoluene and tolu-
ene proving optimal (entries 6, 7). In addition, we found that the
use of trifluoroacetate as the Bronsted base for the PCET event (en-
try 8) was more effective than the use of diaryl or dialkyl phos-
phates despite their comparable basicities (entries 7, 9, 10).> Inter-
estingly, the counter-cation of the anionic base was also found to
influence reaction performance, with PBus*(PhO),P(O)O (entry 7)
and PBw"CF;CO; (entry 8) outperforming NBus"(PhO),P(0)O-
(entry 11) and NBus"CF3CO; (entry 12), respectively — an out-
come that may be due to the improved solubility of the phospho-
nium salt in toluene. Finally, control experiments indicated that
there was no conversion in the absence of photocatalyst or visible
light irradiation (entries 13, 14) while low conversion (15%) was
observed in the absence of the Brensted base co-catalyst (entry 15).
Notably, 1a is the sole product isomer detected by '"H-NMR analy-
sis of the crude reaction mixture, indicating that both -scission of
the alkoxy radical and the subsequent 1,4-conjugate addition step
are highly regioselective.

With these optimized conditions in hand, we next set out to in-
vestigate the generality of the nt+2 ring expansion (Table 2). On
preparative scale, a variety of alkene partners, including terminal
olefins (1), 1,2- disubstituted olefins (2, 3, and 4), trisubstituted ole-
fins (5, 6), and allenes (9) were all well tolerated. Similarly, various
ring substitution patterns were also accommodated, including 4-
methylated piperidine (7, 8), hexahydropyrimidine (10), N-Cbz pi-
peridine (11), 2-azabicyclo[2.2.1]heptane (12), azepane (13), 1,4-
diazepane (14), and 2-aminocyclohexanol (15, 16). Notably, all the
products presented in Table 2 are formed as single regioisomers,
consistent with a selective 3-scission event to form more stabilized
o-amino radical intermediates. In reactions forming diastereo-
meric products, (5, 6, and 7) high stereoselectivities were observed
in enolate protonation (d.r. >20:1) — a likely consequence of the
strong conformational preferences of 8-membered ring ketone eno-
lates as originally suggested by Still.® In the case of allene deriva-
tive 9, non-conjugated olefin 9a was the only product detected, sug-
gesting a highly a-regioselective protonation of the intermediate
1,3-dienolate, in accord with literature precedent.” While this reac-
tion functions well with aza-heterocyclic substrates, n+2 ring ex-
pansions of analogous oxygen heterocycles and simple carbocyclic
alcohols proved less efficient. As prior work indicates that the ni-
trogen substituent is not required for efficient B-scission,** this ob-
servation may suggest that these aza-cyclic substrates are privi-
leged as a result of the enhanced nucleophilicity of the a-amino
radical in the conjugate addition step. In terms of applications, the
aminoketone heterocycles produced in this reaction have been used
previously as starting points for the synthesis of pyrrolizidine and
indolizidine structures via transannular reductive amination.® As
such, we are optimistic that these methods will provide a simple

Table 1. Optimization studies®

O,
HO ,/— 3 mol% [Ir(dF(CF3)ppy)a(5,5'-d(CF3)bpy)IPFg
é 40 mol% Brgnsted base 8
NBoc 0.05 M solvent, blue LEDs, 35 °C?, 24 h y
0C

1 1a
Entry Brensted base Solvent Yield (%)°
1 PBu,* (PhO),P(0)0O~ CH,Cly 27
2 PBu4* (PhO),P(0)0~ THF 17
3 PBu,* (PhO),P(0)0" MeCN 35
4 PBu4* (PhO),P(0)0O™ PhF 72
5 PBu4* (PhO),P(0)0~ PhH 78
6 PBu,* (PhO),P(0)0™ PhCF3 85
7 PBu," (PhO),P(0)0O~ PhMe 86
8 PBu4* CF3CO,~ PhMe 90
9 PBuy4* (t-Bu0),P(0)0~ PhMe 21
10 PBus* (Me0),P(0)0O~ PhMe 10
1" NBu," (PhO),P(0)0O~ PhMe 64
12 NBu4* CF3CO,~ PhMe 87
Change from the Optimal Condition (entry 12)

13 no light 0
14 no photocatalyst 0
15 no base 15

¢ Optimization reactions were performed on 0.05 mmol scale.
b Internal temperature of the reaction mixture under LED irra-
diation (see SI for details). ¢ Yields were determined by 'H
NMR analysis of crude reaction mixtures relative to an internal
standard.

and modular approach to the syntheses of this prominent family of
alkaloid targets.’

We next questioned whether we could adapt this method to
achieve a complementary n+1 type ring expansion. Based on recent
work from Sparling and Lovett, we anticipated that the regioselec-
tivity of the C—C bond forming step might be reversed upon incor-
poration of an aryl group at the terminal position of the substrate
olefin (Figure 2a).!° These authors demonstrated that intermolecu-
lar addition of a-amino radicals to cinnamates occurs regioselec-
tively at the olefinic carbon proximal to the carbonyl to form stabi-
lized benzylic radical intermediates. Accordingly, we reasoned that
reactions employing cinnamyl analogs of 1 might alter the pre-
ferred cyclization mode from 8-endo to 7-exo, delivering a 7-mem-
bered cyclic ketone product through a formal n+1 ring expansion.

However, the viability of this approach was complicated by the
fact that the Ir(II) state of photocatalyst A is insufficiently reducing
to transfer an electron to the benzylic radical (E1, [/ = -1.07
V vs Fc*/Fc in MeCN; Ei» [PhCH,¢/PhCH, ] =-1.92 V vs Fc*/Fc
in MeCN) and close the catalytic cycle.*>!! To overcome this issue,
we proposed to introduce an aryl thiol co-catalyst to the reaction,
which could reduce the benzylic radical intermediate via H-atom
transfer to deliver the desired n+1 product. The resulting aryl thiyl
radical could then be reduced to its corresponding thiolate by the
Ir(1I) state of A (E1o[ArSe/ArS™] = -0.22 V vs Fc*/Fc in MeCN;
Eip[lt™/Ir'"] = —1.07 V vs Fc*/Fc in MeCN).!? This aryl thiolate
could then be protonated by the conjugate acid of the Brensted base
to return the active forms of all three catalysts.*

The success of this proposal hinged on the ability of the proposed
exo-trig cyclization to kinetically outcompete bimolecular HAT re-
duction of the alkyl radical initially formed in the 3-scission event
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Table 2. Scope of n+2 ring expansion®

1
R\ R 3mol% [I(dF(CF3)ppy)a(5,5-d(CF3)bpy)IPFe A i
HO y=—
f 40 mol% PBu,* CF3CO,~ ; R?
> 1 on+2 R"=H, Alkyl, Ph
W 0.2 M in PhMe or PhCF3, blue LEDs, 35 °CP " R = H, Alkyl
Starting material Product Yield Starting material Product Yield Starting material Product Yield
¢] Me Me o) Me Me o Me
HO ,— HO )= Me HO
o/.c.d
8 84%" 8 83% 8 75%"
6 R >20:1d.r. s
NBoc Noo NBoc Noe NCbz Cbz
1 1a 6 6a 11 11a
Me, Q Ne Me o Me - SN
HO HO *— 8 449,6€
8 82%P e B Me 8 73%°9 7 goc N %
6 6 >20:1d.r. OH Boc
NBoc ’E\&‘oc NBoc goc 1.2 12a
N 2a 5 7a >20:1 dr
>20:1dr. Starting material Product Yield
Me Q (0]
HO ,/~— Me HO . Vo . HO ,— 0
0 0,
8 79%b  Me 8 62% 9 48%°
6 N 6 ’ NBoc
NBoc Boc NBoc goc Eoc
3 3a 8 8a 13 13a
>20:1d.r.
Ph o) Ph o HO ,— o)
HO c
HO, /== BocN 9 58%
8 b BocN NB:
6 b s 70% NI Boc
NBoc ’F}‘ N
oc NBoc Boc 14 14a
4 4a
9 9a Starting material Product Yield
(o] o o]
Ho\§ 'I?
Ho 92%°d Ho /= <N 15a 45%°
8 8 70%% Boc o/ f
>20:1 d.r. Boo o _R 16a 55%
6 6 N >20:1 dr N
NBoc N BocN NBoc N |
Boc ~ Boc 15R = Me Boc
5 5a 10 10a 16 R=Bn

@ Reactions were run on 0.5 mmol scale. Reported yields are for isolated and purified material and represent the average of two
experiments. Diastereomeric ratios were determined by '"H NMR of the crude reaction mixtures. ® PhMe was used as the reaction solvent.
¢PhCF; was used as the reaction solvent. ¢ Relative configuration was determined by X-ray crystallographic analysis (see SI for details).
¢ 5 mol% photocatalyst and 0.1 M concentration were used./ PBus* (PhO),P(0)O~ (25 mol%) was used as the base.

by the thiophenol co-catalyst — a typically rapid elementary step (k
~ 108 M !s™!) (Figure 2b).!* To probe this question directly, we con-
ducted a competition experiment using our n+2 model substrate 1
in the presence of 25 mol% 2,4,6-triisopropyl thiophenol (TRIP-
SH) under otherwise standard conditions, wherein the ratio of cy-
clized to uncyclized products (1a and 1b, Figure 2b) would report
on the kinetic partitioning of the key alkyl radical intermediate.
Gratifyingly, under standard conditions cyclized product 1a was
obtained in 60% yield, while the product resulting from HAT re-
duction of the alkyl radical intermediate (1b) was formed in 23%
yield. Formation of the acyclic product could be further suppressed
by lowering the loading of TRIP-SH to 5 mol% to provide 1a in
88% yield along with 11% of 1b.

Adapting these findings to the proposed n+1 ring expansion, we
were pleased to find that treatment of styrene derivative 17 under
standard n+2 conditions (Table 1, entry 8) with the addition of 5
mol% of TRIP-SH provided the desired n+1 product 17a in 80%
yield and with only trace amounts of the acyclic side product

A) Regioselectivity in additions of alkyl radicals to cinnamates (Sparling et al.)

oc

1 mol% [I(dFCF3ppy)x(dtbbpy)]PFe e

MeOZC\/\Ph y "
DMSO, Cs,COs, blue LEDs h
Boc

o—Z

Co,Me

via B
@,\;) Me0,C “anti-Michael
N Ph N
éoc 1o CoMe

B) Competition between cyclization and radical reduction

o o
HO ,— Ir'" photocat. 2 / /
TRIP-SH
6 > 8
NBoc base cat., PhMe /8 Z=H
blue LEDs Moo Hoo Neee
1 1a 1b
with 25 mol% TRIP-SH 60% 23%
with 5 mol% TRIP-SH 88% 1%

Figure 2. (a) Unconventional regioselectivity in radical addi-
tions to cinnamates. (b) Results of competition experiments.
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Table 3. Scope of n+1 Ring Expansion®

R

Ho — 3 mol% [Ir(dF(CF3)ppy)a(5,5'-d(CF3)bpy)]PFg Q R
Bronsted base, 5 mol% TRIP-SH
" > L on+l
RS PhMe or PhCF3, blue LEDs ‘... R=ArEWG
Starting material Product Yield Starting material Product Yield Starting material Product Yield
Ar o EWG o Ph 2
Ho ~— 17a 80%>° HO /~— HO /~— oh )
Ar 18a 70%%¢ EWG 23a 66%P°9 Me o 78%/
7 19a 53%°¢ 6 7 24a 77%"%9 Me Mo
NBoc NBoc NBoc NBoc 25a 80%"%9 28 28a
17 Ar=Ph 23 EWG = C(O)Me
18 Ar = 4-t-BuCgH, 24 EWG = 2-Pyridy! Ph
19 Ar = 4-CO;MeCgH, 25 EWG = 2-Pyrimidinyl Ho =/ o
on " _Me Ph 70%"4
Ph o} - o 1.7:1 dr
HO — HQO Me
6 Fn 70%be . 6 P 74991 2 299
5 >20:1 dr
NBoc I’;‘oc 260 22
20 20a a Me. Me
Me. Me
Ph o .
O HO 77%M
Ph . OH
67% e >20:1 dr
HO, i 6 ! N me /- O
© o 30 ! / 30
76%°° a
6 7 ° 27 27a >20:1dr " P
NBoc NBoc Starting material Product Yield
21 21a
we §" Ph
Ph N
Ho /= R o 61%
20:1d
f 8 829%¢¢ >20:1 dr
BocN NBoc BocN NBoc
22 22a

@ Reactions run on 0.5 mmol scale. Reported yields are for isolated and purified material and are the average of two experiments. Dia-
stereomeric ratios were determined by 'H NMR of the crude reaction mixtures. » PhCF; was used as the reaction solvent. ¢ PBus" CF;CO;,
(25 mol%) as the base. ¢ PhMe was used as the reaction solvent. ¢ 20 mol% of TRIP-SH was used. / Collidine (3 equiv.) as the base. £
Without TRIP-SH. ” Relative or absolute configuration was determined by NOESY analysis (see SI for details). / Relative configuration
was determined by X-ray crystallographic analysis (see SI for details). / See SI for detailed reaction conditions.

resulting from premature HAT (Table 3, entry 18). This encourag-
ing result led us to examine the scope of n+1 ring expansion in
greater detail. On preparative scale, we found that 5- to 7-mem-
bered N-heterocycles underwent efficient ring expansion (17-22),
and the reaction tolerates aryl substituents with varying electronic
character (17-19). Spirocyclic ketone 21a could be accessed from
2-indenyl derivative 21 in good yield. Meanwhile, olefin substrates
bearing B-electron withdrawing groups, including ketones (23) and
electron deficient N-heterocycles, such as 2-pyridyl (24) and 2-py-
rimidinyl (25), were also found to be efficient for n+1 ring expan-
sion. In these cases, the intrinsic selectivity of ring closure favors
7-exo over 8-endo, and the HAT reagent is not required as direct
reduction of the radical intermediate by the Ir(Il) state of photocata-
lyst A is viable. This n+1 protocol also tolerates both 5- and 6-
membered cyclic ether substrates (26, 27) as well as a variety of
carbocyclic substrates (28-31). Of particular note, we discovered
that simple derivatives of (+)-camphor (30) and ¢rans-androsterone
(31) underwent highly regioselective and diastereoselective n+1
expansion, suggesting that this method may prove useful in the
preparation of non-natural terpenoid derivatives that might prove
more difficult to access by other means.'* However, unsubstituted
1-alkenylcycloalkanols are not efficient substrates in this chemis-
try, presumably as -scission is not kinetically competitive with
charge recombination between the alkoxy radical and the reduced
Ir(IT) state of the photocatalyst. Lastly, during the development of
this n+1 process, we observed that reaction efficiency was sensitive

to the identity of the solvent, the reaction concentration, the struc-
ture and loading of the Bronsted base and HAT co-catalysts, and
reaction temperature. As such, any variation from the standard pro-
tocol are listed in the footnotes to Table 3.

In conclusion, we have developed a new method for the con-
struction of valuable medium-sized ring ketones from readily ac-
cessible cyclic allylic alcohols through catalytic ring expansion.
The key C—C bond-breaking -scission event is enabled by excited-
state PCET activation of a strong alcohol O—H bond, while the sub-
sequent ring closure can selectively deliver either n+1 or n+2 ring-
expanded products by varying the substitution pattern of the olefin
acceptor. We note that the outcomes presented here stand in con-
trast to several previous studies on alkoxy radicals derived from 1-
vinylcycloalkanols, where spiroepoxide products are formed pre-
dominantly.'> Future efforts will seek to understand the factors
leading to this unexpected selectivity for (-scission. These reac-
tions further highlight the ability of excited-state redox events to
drive challenging isomerization chemistry under mild catalytic
conditions and provide further support for the synthetic utility of
PCET-based C—C bond functionalization.
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