Cyclopropanation with Non-stabilized Carbenes via Ketyl Radicals
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ABSTRACT: A radical mechanism enables simple and robust access
to non-stabilized, alky! iron carbenes for novel (2+1) cycloadditions.
This Fe-catalyzed strategy employs simple, aliphatic aldehydes as car-
bene precursors in a practical, efficient, and stereoselective cyclopropa-
nation. This air- and water- tolerant method permits convenient genera-
tion of iron carbenes and coupling to an exceptionally wide range of
sterically and electronically diverse alkenes (nucleophilic, electrophilic,
and neutral). A transient ketyl radical intermediate is key to accessing
and harnessing this rare, alkyl iron carbene reactivity. Mechanistic ex-
periments confirm the (a) intermediacy of ketyl radicals, (b) iron car-
bene formation by radical capture, and (c) non-concerted nature of the
(2+1) cycloaddition.
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Introduction

Cyclopropanes are ubiquitous among molecules that improve
human health and happiness.!? The most efficient synthesis of
these novel, triangular scaffolds entails the (2+1) cycloaddition of
alkenes and carbenes (Figure 1).3> Yet, since carbene precursors
often require stabilizing groups to prevent spontaneous decompo-
sition,® lengthy synthetic sequences are frequently needed to re-
move these vestiges. Recent advances by the labs of Uyeda (gem-
dihalides),”!! Wilkerson-Hill (sulfones),'? and Koenigs/Xuan (hy-
drazones)' now allow gem-dimethyl incorporation into cyclopro-
panes. However, a general solution to harness other diverse classes
of non-stabilized alkyl carbenes — and avoid typical -elimination
byproducts'*!® — remains desirable. To this end, we recently intro-
duced a method to access metallocarbenes via organozinc reagents
(Figure 2a).'¢ In that strategy, we showed the utility of a-acyloxy
halides (readily accessed by BzBr addition to aldehydes) as iron
carbene precursors. In a multi-step procedure entailing: (1) Zn in-
sertion,!”1® (2) transmetallation to FeCl,,' and (3) a-oxy elimina-
tion,?® we accessed several classes of non-stabilized carbene reac-
tivity, including cyclopropanation. However, due to the tendency
for protodemetallation of the key organozinc intermediate, many
acidic motifs are not tolerated (e.g. alcohols, amines, amides) and
strictly anhydrous conditions are necessary for robust reactivity.”!
Given our prior experience generating ketyl radicals from o-
acyloxy halides,?>?* and our knowledge that radicals are highly
functional group tolerant>* and even compatible with aqueous en-
vironments,?* we proposed an alternate strategy to access non-sta-
bilized carbenes via a ketyl radical mechanism.
Results and Discussion

Strategy. In this new radical-based design (Figure 2b), an alde-
hyde is instead converted to a highly bench-stable a-acyloxy

chloride (by BzCl addition). Rather than direct insertion of Zn into
this stronger C-Cl bond, we proposed in situ formation of a weaker
C-I bond could enable mild, catalytic access to a ketyl radical.
Upon capture with a suitable metal complex and subsequent elimi-
nation, we anticipated this ligated metal could impart improved
chemo- and stereo- control on the reactive iron carbene intermedi-
ate. In contrast, our previous organozinc-mediated cyclopropana-
tion affords low diastereoselectivity (1:1 d.r.) that could not be im-
proved because ligands were not tolerated in that system. Yet, we
expected this new approach could enable use of a stabilizing ligand
on the iron complex — and perhaps impart significantly improved
(a) functional group tolerance and (b) stereocontrol.
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Figure 1. Non-stabilized iron carbene cyclopropanation.

Discovery. To test our hypothesis (Figure 3), several a-acyloxy
halides (X = Cl, Br, or I; I-III) were prepared by ZnX»-catalyzed
addition of benzoyl halides (BzCl or BzBr +Nal) to aliphatic,
enolizable aldehydes. These carbene precursors were combined
with styrene, reductant (Zn), and iron catalyst (10% FeTPPCl; TPP:
tetraphenylporphyrin) in THF at 60 °C for 12 hours. Although the
a-acyloxy chloride remained unreactive, likely because it is



difficult to reduce (I: —1.6 V vs SCE), we were pleased to find both
the a-bromide (II: —1.3 V) and a-iodide (III: —1.1 V) were viable
as non-stabilized carbene precursors, affording alkyl cyclopropane
1 in up to 12% yield. Intrigued that the most reactive candidate (c-
iodide III) did not afford the highest yield, perhaps due to instabil-
ity to reaction conditions (60 °C), we proposed the more stable c-
chloride precursor (stable to water, base, air, and light) could in-
stead be converted to the more reactive halides in situ. To this end,
we included various LiX salts in the reaction with a-chloride I. No-
tably, this salt additive affords robust, clean, and complete reactiv-
ity — forming cyclopropane 1 in >99% yield with Lil.
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Figure 2. Novel strategies enabled by c-acyloxy halides:
(a) Organozinc, and (b) Ketyl radical mechanisms.
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Figure 3. Development of non-stabilized Fe carbene cyclopropanation.

Conditions: Styrene (1 equiv, 0.1 mmol), carbene precursor I (2 equiv),
FeTPPCl (10 mol%), LiX (3 equiv), reductant (3 equiv), THF (1 mL), 60°C,
12 h. NMR yields.

Interestingly, we noted LiCl affords some reactivity (5%), likely
due to activation of the Zn reductant.'*?° We found Mn (—1.4 V)>7-28
also affords clean, efficient, and robust conversion of a-chloride I
to cyclopropane 1 (>99% yield). As control experiments, we con-
firmed other Li salts that can activate the reductant or substrate by
non-halide exchange mechanisms (e.g. LiOTf, LiOAc, Li,COs,
LiBF,) were not viable substitutes for Lil. Moreover, both the Fe
catalyst and reductant (either Zn or Mn) are essential for reactivity.
Unlike our previous organozinc strategy, which does not tolerate
the addition of ligands (0% yield),'¢ this ketyl radical approach pro-
vides the opposite outcome. Instead, the use of FeCl, or FeCl; alone
diminishes reactivity (<10% yield), while FeTPPCl is optimal. For
practical convenience, we found in sifu combination of FeCl; and
TPPH; ligand provides similar efficiency to the preformed complex
(>99% yield). Notably, a CoCl,/TPPH, combination does not af-
ford cyclopropanation — in contrast to other important Co-catalyzed
strategies.”$2%30

We prefer the a-acyloxy chloride (I) obtained from BzCl addi-
tion (to an aldehyde) because it conveniently crystallizes to a white
solid (long needles). However, we confirmed AcCl and PivCl each
form a-acyloxy chlorides (as oils), which are also viable carbene
precursors (>99% yield 1). We found 2-Me-THF may also be used
as a green or sustainable alternative to THF.>! Lastly, a 1:1 stoichi-
ometry may be employed between the carbene and alkene with only
minimal loss in reactivity (85% yield).

Robustness. Given the high efficiency of this radical-to-carbene
cyclopropanation, we next investigated reaction robustness under
various parameters that might impact practical utility, including
varying temperature, water, and atmosphere (Figure 4). For both
reductants (Zn or Mn), room temperature conditions are viable
(with more carbene; 3 equiv). However, we found the Mn reductant
system (dark purple) was significantly more tolerant of H,O than
Zn (light purple) — with 100 equiv H,O (15 vol%) still affording
>70% yield for Mn (vs <40% for Zn). Conversely, the milder Zn
reductant proved more tolerant of air — even retaining reactivity
(>40%) in an entirely air atmosphere. Lastly, the Mn system proved
more compatible with various LiX additives (Lil, LiBr, LiCl) and
even soluble iodides (TBAI), but LiBF, remains a nonviable addi-
tive. Thus, while there may be practical advantages to using the Zn
reductant (under air atmosphere), we opted to investigate the sub-
strate scope with the more robust Mn reductant system.
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Figure 4. Robustness of newly developed reactions (Zn vs Mn).
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Figure 5. Scope, generality, and chemoselectivity of ketyl radical-mediated cyclopropanation.

Conditions: Alkene (0.2 mmol, 1 equiv), I (3 equiv), FeTPPCI (10%), Mn (3 equiv), Lil (3 equiv), THF (1 mL), 60°C, 12-18 h. “0.1 mmol scale. T, Mn, Lil
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Scope. The synthetic utility and generality of this non-stabilized
Fe carbene cyclopropanation was then explored using a wide vari-
ety of aldehydes and alkenes (Figure 5). Notably, both nucleophilic
and electrophilic alkenes are viable carbene traps in this mechanis-
tically novel (2+1) reaction. For example, nucleophilic styrenes are
highly efficient partners (1-5) for coupling with the carbene derived
from a-acyloxy chloride I. Notably, both electron-rich (p-OMe; 2)
and electron-poor (p-CF3; 3) styrenes afford high reactivity — with
the latter providing significantly higher diastereoselectivity (7:1
d.r.) than our previous organozinc system (1.6:1 d.r.) — as a result
of'the large porphyrin ligand that is now tolerated. We were pleased
to find amino (p-NMe,; 4) and heteroaryl (quinoline; 5) styrenes
are also amenable. Interestingly, the electron-deficient alkenes af-
ford higher diastereoselectivity — perhaps due to a lack of cation
stabilization and a more concerted transition state.’

Given the tolerance of heteroatoms and electron-rich alkenes, we
probed the system further with more highly nucleophilic alkenes,
including enol ether (6), enol ester (7), enamine (8), and enamide
(9). In all cases, we were pleased to see robust reactivity. To our
great delight, a simple alkene, such as that found in safrole (10),
was also efficiently cyclopropanated — illustrating the wide elec-
tronic scope of the alkene nucleophile. A steric focused investiga-
tion revealed disubstituted alkenes are also well-tolerated. For ex-
ample, 1,1-disubstituted styrenes (11), simple alkenes (12), or allyl
silanes (13), were all viable. Additionally, exocyclic methylenes
provide rapid access to medicinally privileged spirocycles that fuse
cyclopropanes with carbocycles (14), heterocycles (15), or small
rings (16). Analogously, 1,2-disubstituted alkenes yield fused bicy-
cles (17) and 1,2,3-trisubstituted cyclopropanes (18) that are other-
wise challenging to synthesize. Lastly, a-amino acids (19) and vi-
nyl boronic esters (20-22) are valuable motifs accessible by this
method — with the latter providing easy access to other desirable
heteroatoms (e.g. N, O, S) directly on the cyclopropane scaffold.

Surprisingly, we were pleased to discover electrophilic alkenes
are also viable carbene traps in this (2+1) addition. In contrast to
our organozinc-generated carbenes, which required a sulfide addi-
tive to generate a sulfonium ylide (for a Corey-Chaykovsky-type
polarity reversal mechanism),3?3* no sulfur additive is required in
this case. Instead, direct, catalytic cyclopropanation is observed
with acrylates — terminal (23), disubstituted (24), and styryl (25) —
as well as enones (26), CFs-alkenes (27), and natural products, such
as sclareolide (28). We were intrigued by the Zhang group’s recent
study on the electronic nature of CF3-bound iron carbenes, which
they found to exhibit radical character at the a-CF3 carbon.> This
change in behavior by appending a porphyrin ligand — to stabilize
a proposed Fe(IV) intermediate — may help explain the broader
electronic reactivity observed in this system, which now precludes
the need for sulfur ylide formation to react with such electrophiles.

Functional Group Tolerance. As a preliminary guide for suit-
ability to more complex, drug-like molecules, we also included a
series of functional group tolerance experiments (Figure 5, bot-
tom). In this study, we found that many otherwise reactive groups
were well-tolerated (>50% yield, >50% additive recovery). Nota-
bly, several synthetically useful carbonyl classes (aldehydes, ke-
tones, acids, esters) were viable. This is a noteworthy departure

from a synthetic limitation in the preparation of organozincs for our
previous strategy. Other reactive functional groups (nitriles, alco-
hols, epoxides, and furans) were also well-tolerated — further show-
casing the value of this ketyl radical-based strategy. Conversely,
some functional groups exhibited low recovery (alkynes, amines),
while not necessarily inhibiting reactivity (perhaps due to Zn adhe-
sion). Lastly, strong nucleophiles were either also not recovered
(thiols, amides) or hindered the cyclopropanation (pyridine).

Carbene Scope. We next sought to examine if further classes of
aldehydes were suitable carbene precursors (Figure 6). Thus, we
found other primary alkyl aldehydes were compatible, including
with reducible aryl iodide (29) or imide (30) motifs. Secondary al-
kyl aldehydes were similarly tolerated — despite the increased steric
requirements — including with ether (31) and alkene (32) probes of
functional group tolerance. Lastly, benzaldehydes (33-34) and for-
maldehyde (35) are amenable as carbene precursors — showcasing
the broad synthetic utility of this new mechanism.
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Figure 6. Additional aldehyde classes as ketyl/carbene precursors.

Conditions (same as Figure 4): Alkene (0.2 mmol, 1 equiv), carbene pre-
cursor (3 equiv), FeTPPC1 (10%), Mn (3 equiv), Lil (3 equiv), THF (1 mL),
60°C, 12-18 h. “Carbene precursor (2 equiv). *25°C. Isolated yields.

One-pot from Aldehydes. Notably, the conditions for in situ ac-
tivation of the aldehyde as an a-acyloxy chloride are compatible
with the Fe-catalyzed cyclopropanation — enabling a one-pot trans-
formation of the aldehyde to a cyclopropane (Figure 7). We were
pleased to find this streamlined sequence is suitable for both alkyl
(36) and aryl (34) classes of aldehydes. Moreover, these one-pot
examples were performed at a 25x larger scale (2.5 mmol) for prac-
tical convenience and to showcase scalability.
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Figure 7. Cyclopropanation directly from aldehyde.

Conditions: Aldehyde (5 mmol, 2 equiv), AcCl (2.2 equiv), ZnCl (4%),
neat, —10°C, 1 h; Alkene (1 equiv), FeTPPCI (10%), Mn (3 equiv), Lil (3
equiv), THF (2.5 mL), 60°C (36) or 25°C (34), 12 h. Isolated yields.
Mechanism. Mechanistic studies were focused on elucidating
the nature of the non-stabilized Fe carbene in this cyclopropanation
(Figure 8). In our previous organozinc strategy,”' an o-acyloxy
zinc is pre-formed, decanted from excess Zn, and added to FeCl,
and styrene. This organozinc-to-organoiron(Il) strategy affords 1
(99%, 1.6:1 d.r.) (Figure 8a). Notably, however, the FeTPPCI com-
plex provides no reactivity from the alkyl zinc (0%) — strongly sug-
gesting different mechanisms are operative. We reasoned

a Ketyl radical vs organozinc mechanism

Fe(III)TPPCI must instead form an alkyl-Fe(III) upon transmetal-
lation with alkyl zinc (vs alkyl-Fe(Il) with FeCl,). Thus, we pro-
posed an additional reductant would be required to access alkyl-
Fe(IT)TPP — as proposed in our new, radical method. Indeed, addi-
tion of Mn renews reactivity — in a first example of a ligated, or-
ganozinc-derived complex — and provides a first experimental val-
idation of the organoiron intermediate in our proposed mechanism.

Additional evidence for a radical intermediate is the termination
of reactivity upon addition of TEMPO —accompanied by formation
of a TEMPO-adduct of the proposed ketyl radical (Figure 8b).
Moreover, when an acyclic, a-branched, ketyl radical precursor is
employed (e.g. isopropyl aldehyde), then hydroalkylation (37) is
observed instead of cyclopropanation (by radical addition to the al-
kene and subsequent reduction). We suspect this divergent reactiv-
ity is a result of the ketyl radical being too large to be efficiently
captured by the Fe complex — and adding to the alkene instead.

If a ketyl radical mechanism is responsible for Fe-C bond for-
mation, we then postulated a metal reductant is no longer necessary
(Figure 8c). Indeed, the organic reductant, TDAE (tetrakis(dime-
thylamino)ethylene), which can promote SET (-0.8 V)* but not
organometallation, generates the ketyl radical from c-iodide (—1.1
V) by overcoming a 0.3 V overpotential. Notably, this practical
substitution of a homogenous reductant is not viable (0% yield) by
our previous organozinc strategy.
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Figure 8. Mechanistic experiments probing non-stabilized Fe carbene cyclopropanation.
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Stereochemical probes indicate a non-concerted mechanism for
the (2+1) cycloaddition (Figure 8d). For example, an anti product
(38) is formed from both isomers, albeit in lower yields due to the
larger steric requirement of 1,2-disubstiuted alkenes. This conver-
gence to an anti isomer is observed with greater diastereoselectivity
from an E-alkene (>20:1 d.r.) versus Z-alkene (<5:1 d.r.), as the
latter requires epimerization within the cycloaddition. Lastly, the
relative rates of reactivity of alkenes were examined by a series of
competition experiments between sterically and electronically di-
verse reactants (Figure 8e). These experiments revealed that nucle-
ophilic styrenes are 20x more reactive than a simple, aliphatic al-
kene (even if the alkene is 1,1-disubstituted, which is itself 10x
more nucleophilic than a simple terminal alkene’®). Intriguingly,
the next most reactive class of carbene traps are electrophilic acry-
lates, which are 2-4x more reactive than the simple alkene. We ex-
pect this collective data will guide users in predicting chemoselec-
tivity and reactivity order in more complex molecules (e.g. 32; sty-
rene > cyclohexene). Our net assessment is that nucleophilicity is
the most important predictor of reactivity — followed by steric fac-
tors (i.e. smaller is better). For example, most 1,2-disubstituted al-
kenes are too hindered to react efficiently, but the highly nucleo-
philic § Me-styrenes still afford some reactivity (38).

Combining insights from these experiments, a proposed mecha-
nism is illustrated in Figure 9a. Upon in situ (or prior) activation of
aldehyde A by BzCl, the stable (or isolable) a-acyloxy chloride B
(-1.6 V) is formed. Next, in situ halide exchange with Lil yields a
more easily reduced a-acyloxy iodide C (—1.1 V). Since Mn (-1.4
V), Zn (1.0 V), and TDAE (-0.8 V) are sufficiently reducing, a
single-electron transfer (SET) mechanism by any of these mild re-
ductants will promote formation of ketyl radical D. In parallel, the
precatalyst FeTPPCI is also reduced from Fe(Ill) to Fe(Il) by the
same reductant to form a reservoir of FeTPP. This Fe(Il) complex

may readily capture radical D to form a-acyloxy organoiron E. We
observed this alkyl-Fe(III) is inactive and does not yield cyclopro-
pane on its own. Yet, SET reduction of E by the stoichiometric re-
ductant, along with a-acyloxy elimination, will form reactive alkyl
carbene F. Finally, (2+1) cycloaddition of this non-stabilized car-
bene and an electronically rich, poor, or neutral alkene affords the
cyclopropane and regenerates the active TPPFe(II) catalyst.

In Figure 9b, we summarize our key observations of the differ-
ence between our (previous) organozinc mechanism and this (new)
ketyl radical enabled strategy. Namely, whereas the organozinc ap-
proach necessitated a 12 h pre-stir to mediate Zn insertion to an o~
acyloxy bromide (and subsequent decanting of excess Zn), this
ketyl radical method allows convenient simultaneous addition of
the catalyst, reductant, and substrate (a more stable a-chloride) —
thanks to transient compatible intermediates. Moreover, whereas
ligands were not tolerated in the former system — resulting in low
stereocontrol (3, 1.6:1 d.r.), a porphyrin ligand is now required to
stabilize the metal complex that captures the ketyl radical. The ab-
sence of this ligand precludes reactivity, and its presence enables
high stereocontrol (3, 7:1 d.r.).

Conclusions

In summary, a new kety! radical-mediated mechanism has been
developed for the synthesis of sterically and electronically diverse
cyclopropanes. This Fe-catalyzed approach that entails transient
radical and metallocarbene intermediates enables harnessing of
non-stabilized carbenes in this essential (2+1) cycloaddition. This
novel mechanism allows rapid access to a wide range of cyclopro-
panes in a practical, efficient, and robust manner that even tolerates
the inclusion of air and water. Mechanistic experiments confirm the
(a) intermediacy of ketyl radicals, (b) metallocarbene formation by
SET rather than organozinc, and (c) non-concerted nature of the



(2+1) cycloaddition. We envision many useful applications of this
easy synthetic access to medicinally valuable motifs — enabled by
a novel radical-to-carbene mechanism.>’
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