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ABSTRACT: The development of BINOL-derived Brensted acid catalysts has been profoundly guided by rational design, with
carefully implemented structural changes leading to unique generations of catalysts with enhanced reaction capabilities. This ap-
proach to catalyst optimization has promoted the integration of knowledge gathered in optimizing prior eras of Brensted acids and
ultimately, the molecular features that have contributed to the success of previous designs are preserved. Of these, the large substitu-
ents at the 3 and 3’ positions of the BINOL backbone are the most critical with almost every newly developed structure possessing
this feature. However, imidodiphosphorimidate (IDPi) catalysts are not synthetically well-suited to contain the same sterically bulky
groups associated with the high selectivity imparted by previously implemented catalyst structures. Herein, we have leveraged the
moderate size (as compared to TRIP and 9-anthryl) but high applicability of the 9-phenanthryl substituent to synthesize an extremely
sterically demanding IDPi. Using computed descriptors, we survey the catalyst properties of known structures to demonstrate this
catalyst to be both unique and to the best of our knowledge, the bulkiest IDPi yet synthesized. The applicability of the catalyst was
evaluated in the construction of stereochemically dense spirocycles generated via an asymmetric Prins-semipinacol reaction sequence.
Transition state calculations were deployed to interrogate the origins of the superior enantioselectivity and these demonstrate the
mechanistic hallmarks of the 9-phenanthryl substituent can be generalized to a genuinely different class of Brensted acid catalyst.

The structure of chiral organocatalysts continues to evolve with
each notable design gaining enhanced function over enantiose-
lective bond construction.'? Asymmetric Bronsted acid cataly-
sis exemplifies this where iterative changes to the catalyst struc-
ture has enabled marked increases in selectivity and reactivity
for a diverse set of organic transformations.>” Indeed, these ef-
forts have led to generations of rational catalyst designs that
have developed from simple modifications of the catalyst sub-
stituents® to the introduction of strongly acidic dimeric catalyst
structures (Figure 1).7 Despite this significant progression in
structure, new Brensted acid catalysts typically retain the key
molecular features that have led to a good performance with
older designs. For example, N-triflyl phosphoramide catalysts
were introduced to overcome the reactivity barriers associated
with weakly basic carbonyl substrates but contain the same ste-
rically bulky groups associated with the high selectivity im-
parted by BINOL-derived phosphoric acids.® Likewise, List’s
imidodiphosphates (IDP) enable highly enantioselective trans-
formations of difficult substrates through the strict conforma-
tional confinement generated by the two binaphthol units and
constrained by the large substituents at the 3 and 3’ positions.
Recent modifications to this scaffold has demonstrated the re-
placement of the catalyst oxygens with two N-triflyl groups
leads to the highly acidic imidodiphosphorimidate (IDPi) cata-
lysts. ° However, IDPis have not yet benefitted from the
knowledge gathered in optimizing previous eras of Brensted ac-
ids. Accordingly, the substituents at the 3,3’ positions are usu-
ally distinctive with well performing catalysts showing a large
structural diversity (Figure 1).

Recently, our group has quantified the applicability of
BINOL-derived chiral phosphoric acids using unsupervised
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Figure 1. The evolution of Brensted acid catalysts for enanti-
oselective bond construction.

machine learning and the results of this computation showed
certain 3,3’ substituents are able to provide broad spectrum suc-
cess.!? Of these the most general structures possess either very
large alkyl groups at the 2, 4 and 6 positions of the aromatic ring
or contain extended n-systems. In many cases, catalysts bearing
these large substituents are more adaptative to changes in reac-
tant structure because enantioinduction does not rely on a single
set of noncovalent interactions. For example, 9-phenanthryl de-
rived catalyst structures can impart high levels of enantioselec-
tivity by engaging in attractive or repulsive noncovalent con-
tacts. In other cases, like TRIP, robust steric interactions are es-
tablished and these do not change significantly nature when the
structure of the reaction component is altered.

Considering this and the transferability of structural ele-
ments between distinct eras of Brensted acid catalysts designs



we question if incorporating these groups can lead to well per-
forming IDPi catalysts? To our knowledge, the effect of includ-
ing such groups at the 3,3’ positions has not been assessed, alt-
hough this is largely because the chiral framework tends not to
be synthetically well-suited to containing functionality that
places additional steric bulk proximal to the phosphorous atom.
The synthesis of these catalysts are challenging usually relying
on a dimerization step which is strongly influenced by the steric
properties of the 3,3’-substituents, if these are too big unsatis-
factory yields are obtained or the reaction may fail to proceed
altogether. In this context, we have taken advantage of the mod-
erate size (as compared to TRIP and 9-anthryl) but high gener-
ality of the 9-phenanthryl substituent to synthesize a new IDPi
that can facilitate a broad set of asymmetric Prins-semipinacol
reactions to afford spircocycles in high levels of enantioselec-
tivity.

Results and Discussion.

Trends and Molecular Descriptors. The structure of the sub-
stituents at the 3,3’ positions of the BINOL backbone have a
considerable effect on the stereochemical outcome of many re-
actions, and, usually, large steric bulk is required for high enan-
tioselectivity.'"'* On this basis, we questioned what is the larg-
est substituent that can be incorporated into the IDPi catalyst
framework? To answer this question, we considered the size of
3,3’ aromatic groups common to many Brensted acids using
two different measures of steric requirements (i) rotation barrier
for a phenyl group, and (ii) A Remote Environment Angle:
AREA(0), a measure of space less close to the catalyst site.!' At
this initial stage of the study we are only concerned about the
steric features exhibited by a portion of the IDPi catalyst such
that these values do not need to be obtained from the whole
molecule structure. Indeed, rotational barriers for a phenyl
group are derived from the energy required for rotation around
the central C—C bond. Because the interaction between the R
groups and the hydrogens on the opposing aryl ring are respon-
sible for the destabilization of the eclipsed conformation this
descriptor can only account for nearby sterics. In contrast, the
angle measurement AREA(0), is sensitive to increases in the
steric demands remote from the aromatic ring with substituents
that crowd access to the phosphorus resulting in smaller values.
To estimate if the incorporation of certain substituents could
lead to a structure that would be both well performing and syn-
thetically tractable, we next considered how these groups fit and
operate within existing catalyst space. Visual inspection of re-
ported IDPi catalysts, shows that 3,3” substituents only display
a large structural variation in the remote positions of the aro-
matic ring. Therefore, the impact of introducing steric demands
at positions close to the phosphorous is less clear, however, it is
expected to lead to highly reactive and selective catalysts based
on the information gathered from structurally familiar catalyst
types. Key data is summarized in Figure 2B and these results
indicate that the 9-phenanthryl group, bears steric demands sim-
ilar to known IDPi structures. For example, the structural de-
scriptors show that the proximal steric effect exerted by 9-phe-
nanthryl will be similar to that of the 1-naphthyl substituent
while the remote steric bulk is measured to be comparable to
the 2-naphthyl group. This may be surprising and it is possible
that the perceived significantly larger size of a 9-phenanthryl
substituent has inhibited the investigation of these catalysts thus
far. Intriguingly, this comparison also suggests that installing a

9-phenanthryl substituent upon the IDPi framework could allow
access to the bulkiest catalyst structure yet prepared.

Motivated by the structural uniqueness afforded by
this catalyst we attempted to synthesize the novel IDPi bearing
a 9-phenanthryl group. The List group has reported several
ways that enable access to this catalyst motif with the most com-
mon approach involving dimerization of the 3,3’-substituted
BINOL-derivatives in the presence of an ammonia surrogate.'
This factor, combined with the observation that particular IDPis
containing substituents with similar steric features can be ac-
cessed in this manner, prompted us to explore the reactivity of
the requisite 3,3’-substituted BINOL-derivative. Using this pro-
cedure we synthesized IDPi 2a, obtaining 59% yield after 7
days (Figure 2C). This result is comparable to the synthesis of
other IDPis which typically require prolonged reaction times of
34
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generality 092 0.80 0.78 0.68 0.30
rotation 28.4 145 28.3 136 2.1
barrier

AREA(6) 51 48 61 62 49

C. Synthesis of IDPi incorporating 9-phenanthryl groups
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Figure 2. (A) Catalyst parameters evaluated in this study. Steric
parameter (1) measures nearby bulk while (2) AREA(0), ac-
counts for steric effects distant from the phosphoric acid moi-
ety. (B) Determining the synthetic feasibility of larger and more
general catalyst groups. (C) Synthesis and structural analysis of
an IDP1 catalyst structure containing large 9-phenantryl groups.



days.!*> Attempted improvements to the catalyst synthesis fo-
cused on employing a recent strategy developed by the List
group which have shown impressive outcomes in accessing ste-
rically hindered catalysts.!® Unfortunately, our efforts in apply-
ing this method to the synthesis of 2a did not yield desirable
results. Structural crystallographic analyses of the imidodiphos-
phorimidate 2a reveals a highly confined chiral pocket created
by the two BINOL backbones and constrained by the large 3
and 3’ substituents (Figure 2C). The P-N—P bond angle (151.3°)
was found to be significantly compressed relative to those struc-
tures bearing smaller groups previously reported by List (rota-
tion barriers around 2.0 kcal mol™! leads to angles of 160°—
163°).'7 This distortion demonstrates that larger substituents
force the structure to bend minimizing energetically repulsive
contacts between the large 9-phenanthryl rings and the N-triflyl
groups on the phosphorous.

Catalytic application. Having produced a Brgnsted acid con-
fined within an extremely sterically demanding chiral cavity,
we examined the catalyst’s aptitude to enforce high levels of
enantiofacial discrimination for a continuous series of selective
reactions. Because a single chiral catalyst must enable stere-
ocontrol over discrete reaction events this approach to chiral
molecule construction is much less common and to our
knowledge, no examples have been reported with IDPis. These
factors make sequential reactions an appealing assessment of
the catalyst’s ability to facilitate a difficult chemical transfor-
mation. In this context, we identified a Prins-semipinacol rear-
rangement as a stringent test that involves structurally unique
reactive intermediates and bond forming steps to produce stere-
ochemically dense spirocycles. In accord with previous stud-
ies,'2° we surmised that upon exposure of an aldehyde with a
homoallylic alcohol an acid-catalyzed cyclocondensation
would generate a carbocation and trigger a stereoselective skel-
etal rearrangement through the migration of the 6-bond. Central
to the utility of this reaction sequence is the mechanistic re-
quirement that any selectivity imparted in the semipinacol step
is reinforced not eroded by the catalyst structure. Specifically,
this would ensure high levels of diastereoselectivity for the
overall process regardless of the stereochemistry set in the first
key catalytic step. With this mechanistic print in mind, our in-
vestigation began by subjecting homoallylic alcohol 3 with al-
dehyde 4a to the reaction conditions shown in Table 1. A cata-
lyst evaluation showed popular IDPi’s to provide insufficient
enantioselectivities while our sterically bulky IDPi provided en-
couraging results. Switching the solvent to CHCl; and lowering
the temperature allowed the spircocycle to obtained in 82% ee.
Motivated by these results, further improvements to the enanti-
oselectivity was achieved by decreasing the temperature from 0
°C to -20 °C but this tactic was limited to more reactive, electron
rich aldehydes. Having developed optimal conditions for this
new enantioselective Prins-semipinacol rearrangement se-
quence, we next examined the scope of the aldehyde compo-
nent. As shown in Scheme 1, variations of the aryl component
were generally well tolerated, although products bearing
strongly electron withdrawing substituents were generated with
lower enantioselectivities due to the higher temperature require-
ment. This lower reactivity with electron poor substrates is no-
table and consistent with a cationic charge developing in the
rate determining step. Indeed, substrates with even greater elec-
tron withdrawing capabilities (e.g. CN and NO,) failed to react
at room temperature (see SI for more details). Exploration of

styrenyl aldehydes showed less sensitivity to the electronic fea-
tures of the aromatic ring having produced high levels of enan-
tioselectivity across a diverse set substrates. To round out this
aldehyde survey, we examined the use of heteroaromatics in the
reaction relay. When progressing to this substrate class, we ob-
tained some of the highest enantioselectivities observed thus far
in any IDPi catalyzed reaction. Aldehydes bearing sterically de-
manding substituents also proved less selective and this may re-
flect the inability of our strictly confined acid to efficiently ac-
commodate large substrates. The exquisite selectivity imparted
by our confined catalyst is highlighted on comparing the dia-
stereoselectivity created in the Semi-pinacol rearrangement un-
der achiral and chiral conditions. More specifically, the data
presented in Scheme 2 shows that the catalyst control matches
the inherent stereoselectivity preference and were possible, en-
riches the selectivity. Further reaction insight was obtained
from evaluating several designed homoallylic alcohols. The
failure of these systems to react supports the crucial role of ring
strain relief in driving the reaction forward.

Table 1. Optimization of the Prins-semipinacol reaction se-
quence.”

CHO
OH IDPi (2.5 mol%)
" temperature (°C), solvent
OH R time (days)
3 4aR=Br 5aR =Br
4b R = OMe 5b R = OMe
enty R IDPi  Temperature Solvent  Time Yield® (%) eec(%)
1 Br 2a RT DCM 3 80 60
2 Br 2b RT DCM 3 79 30
3 Br 2c RT DCM 3 85 32
4 Br 2d RT DCM 3 82 14
5 Br 2a RT PhMe 3 72 66
6 Br 2a RT PhH 3 72 68
7 Br 2a RT DCE 3 80 46
8 Br 2a RT Et,0 3 80 32
9 Br 2a RT CHCl3 3 86 76
109 Br 2a 0 CHCly 14 70 82
1" Br 2e 0 CHCl3 14 72 60
129 OMe 2a 0 CHCly 7 85 86
139 OMe 2a -20 CHCl3 14 80 92
Ar Ar.

2a Ar =9-Phenanthryl  2e Ar =
OO 2b Ar = 3,5-(CF3),CeH3

2c Ar = 2-Naphth
OO 2d Ar = 4tBuCgH,

“Reactions were run with the following conditions: 3 (14.2 mg,
0.1 mmol, 1.0 eq), the aldehyde 4a or 4b (0.12 mmol, 1.2 eq)
IDPi (2.5 mol%), solvent (0.5 mL). All reactions proceed with
>99:1 dr. "Isolated yields given. ‘Enantioselectivities (ee) were
measured by SFC. ‘Reactions run with 5 mol% catalyst loading.
See the Supporting Information for further details.
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Scheme 1. Various aldehyde substrates tested with the optimal conditions.?

(o}
' |
OH IDPi 2a (5 mol% -\ A OO
+  OHC-R 1 2a (5 mol%) O K@
CHCl3, -20 °C T Tt
OH 14 days Ar Ar
3 4a-4ee 5a-5ee IDPi 2a

Aromatic and Styrenyl Aldehyde Substrates

Br OMe

5ab: 70% yield 5b: 80% yield 5c: 69% yield 5d: 78% yield 5e: 72% yield 5f0: 75% yield 5g®: 67% yield
82% ee 92% ee 85% ee 91% ee 85% ee 82% ee 83% ee

OMe

5h: 69% yield 5i: 82% yield 5¢: 80% yield 5kS: 80% yield 51: 79% yield 5m: 70% yield
90% ee 92% ee 92% ee 93% ee 92% ee 93% ee

Heteroaromatic Aldehyde Substrates

5nP: 75% yield 50P: 66% yield 5pP: 65% yield 5q: 80% yield 5r: 75% yield 5s: 84% yield 5t: 68% vyield
90% ee 93% ee 96% ee 95% ee 97% ee 93% ee 92% ee

Aldehyde Substrates with Increased Steric Demands

5ud: 68% yield 5v: 72% yield 5w: 75% yield 5x: 68% yield Sy: 72% yield 52: 88% yield
70% ee® 84% ce 89% ee 82% ee 86% ee 50% ee
X-Ray of 5q

5aa: 67% yield 5bb: 77% yield 5cc: 70% yield 5dd®: 75% yield 5ee®: 81% yield
84% ee 83% ee 92% ee 91% ee 83% ee

* Reaction conditions: 3 (14.2 mg, 0.1 mmol, 1.0 eq), the aldehyde 4a-4ee (0.12 mmol, 1.2 eq) IDPi (5 mol%), CHCI; (0.5 mL). All
reactions proceed with >99:1 dr. Isolated yields given. Enantioselectivities (ee) were measured by SFC. Absolute configurations
confirmed by the X-ray crystallographic analysis after recrystallization of 5q. The stereochemistry of the remainder of the entries is
assigned by analogy.® Reactions were conducted at 0 °C for 14 days. ¢ Reactions were conducted at -20 °C for 12 days. ¢ Reactions
were conducted at rt for 7 days.

To gain further insight into how the optimal IDPi imparts such like IDPi’s to be explored efficiently without having the analy-
high levels of enantioselectivity we computationally explored sis limited to a few structures or a portion of the reactive

the Prins reaction event with ONIOM(wB97XD/6-

31G(d,p):UFF). This type of calculation allows larger systems



Scheme 2. Miscellaneous experiments

A. Impact of the catalyst on the selectivity of the reaction

=0

OHC
OH . (\3 IDPi 2a, -20 °C, CHCl3, 14 days
X /

or NH, T, RT, CHCI3, 1 day ;
(O |
OH X
4q9X=8 5qX=8
3 4X=0 5tX=0

5q dr =>99:1, 84% yield
rac-5q dr= 62.5:37.5, 80% yield

5t dr = >99:1, 68% yield
rac-5t dr= 92:8, 85% yield

The remaining aldehydes provided
>99:1 dr under achiral and chiral conditions

B. Effect of ring strain

OMe

OMe OMe OMe

5b: 80% yield

n.r. n.r. n.r.
92% ee

Summary: Eliminating ring string by increasing ring size or switching to an acyclic
system renders the transformation unreactive

systems. >! While these computational methods have been
shown to give reliable results in various settings including those
involving IDPi’s - we were aware of the possibility of error.
Accordingly, the lowest energy structures found from these cal-
culations were submitted to full DFT geometry optimizations
functionals to confirm the validity of our ONIOM results. The
results of full DFT calculations can be found in the Supporting
Information and show that interpretation of ONIOM structures
and energies to be accurate. The calculations corroborate the
observed high levels of enantioselectivity and sense of enantio-
induction (Figure 3). We calculated the lowest energy transition
state (TS) structure, TS1-Si, to bind to the catalyst through a
single hydrogen bonding interaction only. The lower energy of
a TS which lacks a second interaction from the catalyst to the
oxonium hydrogen is unexpected, as double coordination
modes are most likely. Comparable TS structures could be lo-
cated in which the reactants establish two hydrogen bonding
contacts, TS2-Si, and these would also lead to the experimen-
tally observed enantiomer. In addition, we identified TS struc-
tures similar to TS2-Si which features the interaction from the
catalyst to the oxonium proton, TS2-Re, but affords the com-
peting product. Table 2 provides an overview of the key hydro-
gen bonding contacts established at the TS and these demon-
strate the lowest energy structure features the weakest contacts.
Further visual analysis reveals the most important difference
between TS(Si) and TS(Re) is the absolute location and orien-
tation of the 9-phenanthryl groups relative to the substrate. Vis-
ualization of TS(Si) shows that both structures position the sub-
strate to maximize CH—gt interactions with the aromatic groups.
In contrast, TS(Re) forces the substrate to occupy the empty
space between the large 9-phenantryl substituents. This is con-
sistent with the primary determinants of enantioselectivity aris-
ing from these competing pathways being attractive noncova-
lent interactions with the 3,3’ catalyst substituents and the sub-
strate. The reasons for the energy differences between TS(Si)
and TS(Re) were further investigated using distortion-interac-
tion analysis (see SI).

TS2-Si: AAGE, = +2.2 TS1-Re: AAGE, = 435

OH-N CH-N OH-O CH-O

o174 2.93
TSISi (1500 235  (Syg) 235

. 197 3.14 254 247
TS2-Si (170.2) (137.6) (<110) (152.7)

190 267 269 255
TS1-Re (1620) (172.6) (132.9) (126.8)

top row = distances in Angstrom (A)
bottom row = angles in degrees (°)

TS1-Si: AAGE, =0

Figure 3. Competing TS structures for the Prins reaction of
homoallylic alcohol 3 with aldehyde 4a and catalyzed by IDPi.
ONIOM(wB97XD/6-31G(d,p):UFF). Solvent energies were
derived from single point energies with IEFPCM (CHCL)
model at the ®B97XD/6-311G(d,p) level. Grayed-out regions
were treated with UFF, and the full-color regions were treated
with ®B97XD /6-31G(d,p). All energies quoted in kcal mol™.
Key hydrogen bonding features shown in the gray box.

Conclusion

We have achieved an enantioselective Prins-semipinacol reac-
tion using an exceptionally bulky IDPi and investigated the
unique capacity of this catalyst architecture to impart high lev-
els of stereocontrol. Computational studies demonstrate attrac-
tive noncovalent interactions from aromatic groups on the cata-
lyst and substrate determine the enantioselectivity, a distinctive
feature of the 9-phenanthryl substituent in Bronsted acid catal-
ysis. These findings suggest a probable general phenomenon,
whereby various mechanistically unrelated transformations
may be found to perform in the same manner when key catalyst
groups are conserved between distinct eras of organocatalyst
designs. Our ongoing and future studies are directed towards
the generalization of substituent effects and leveraging this as
a platform for catalyst design.
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