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ABSTRACT: W(CNAr)s (CNAr = arylisocyanide) photoreductants catalyze base-promoted homolytic aromatic substitution (BHAS)
of 1-(2-iodobenzyl)-pyrrole in deuterated benzene. Moderate to high efficiencies correlate with W(CNAr)s excited-state reduction
potentials upon one-photon 445-nm excitation, with 10 mol % loading of the most powerful photoreductants W(CNDipp)s (CNDipp
= 2,6-diisopropylphenylisocyanide) and W(CNDippPh°™*)s (CNDippPhM®* = 4-(3,4,5-trimethoxyphenyl)-2,6-diisopropylphenyli-
socyanide) affording nearly complete conversion. Stern-Volmer quenching experiments indicated that catalysis is triggered by sub-
strate reductive dehalogenation. Taking advantage of the large two-photon absorption (TPA) cross sections of W(CNAr)s complexes,
we found that photocatalysis can be driven with femtosecond-pulsed 810-nm excitation. For both one- and two-photon excitation,
photocatalysis was terminated by the formation of seven-coordinate W'-diiodo [WI(CNAr)s] complexes. Notably, we discovered
that W(CNDipp)s can be regenerated by chemical reduction of WI,(CNDipp)s with excess ligand present in solution.

INTRODUCTION

Owing in part to low reorganization energies for electron trans-
fers from relatively long-lived metal-to-ligand charge transfer
(MLCT) excited states, Ru" polypyridines, cyclometalated Ir'"
2-phenylpyridines (ppy), and their derivatives have been widely
employed in photoredox catalytic cycles.' Complexes of
earth-abundant metals, most notably Cu' o-diimines/phos-
phines,* Zr'V bis(pyrrolyl)pyridines,” Ce™ guanidinate(s)-am-
ide(s),® and WV! Schiff base dioxos,” also have shown great
promise as redox photosensitizers.

In work over many years, we have demonstrated that homo-
leptic tungsten(0) arylisocyanides (Figure 1) are stronger pho-
toreductants than the aforementioned Ru' and Ir'" complexes;
and, notably, W(CNAr)s complexes possess intense visible ab-
sorptions (&,max ~ 10*-10°M™' cm™) attributable to transitions
to MLCT excited states with E° (W/*W% =-2.2 t0o 3.0 V vs
Fcl™9 (* denotes the lowest energy MLCT excited state; Fc =
ferrocene).® 12 With microsecond lifetimes (1) and large photo-
luminescence quantum yields (¢p), these *W(CNAr)s reagents
efficiently reduce thermodynamically challenging substrates,
including anthracene’ and acetophenone. '

Of direct relevance to our work, Wenger and co-workers
have investigated Cr® and Mo° tris(diisocyanides)
M(CNRA;NC); (R = Me, ‘Bu; Figure 1); these complexes have
remarkably robust, long-lived excited states with formal poten-
tials [E£° (Cr'/*Cr%) = -2.43 V vs Fc!" and E° (Mo'/*Mo") = —
2.6 V vs Fcl""1] more negative than that of fac-*Ir(ppy)s (E°
(Ir*'/*1r*") = 2.1 V vs Fcl") 1315 Notably, Mo(CNRAr;NC);
complexes photocatalyze the rearrangement of acyl cyclopro-
panes to 2,3-dihydrofurans (R = Me) as well as intramolecular
base-promoted homolytic aromatic substitution (BHAS) of aryl
iodides (R = ‘Bu), reactions that are out of the potential range of
fac-*Ir(ppy)s. It also is of interest that the photocatalytic perfor-
mance of isoelectronic [Re(CNM°Ar;NC);]" (Figure 1) for
dehalogenation of halobenzenes is similar to that of fac-

*Ir(ppy)s.'*

In light of these findings, we decided to try our W(CNAr)s
complexes as photoreductants in BHAS catalytic cycles. While
W(CNATr)s and Mo(CNRAr;NC); possess comparable ground-
and excited-state properties (Table 1), employing monodentate
arylisocyanides loomed as potentially problematic, given that
seven-coordinate M arylisocyanides such as [MX(CNPh)]"
(M =Mo, W; X = Cl, I) are products of M(CNPh)s oxidation.'”-
19 Furthermore, Wenger and co-workers noted that deactivation
via formation of higher coordinate complexes likely was re-
sponsible for the lower efficiencies of Mo(CN™¢Ar;NC); versus
Mo(CN™'Ar;NC); in photoredox catalysis, with the less steri-
cally shielded complex being more susceptible to nucleophilic
attack on the Mo' center by the iodide generated upon substrate
reductive dehalogenation.!

That said, several observations suggested that W(CNAr)s
complexes might be competent photoredox catalysts. One was
that photosubstitution quantum yields (¢ps) for CNAr displace-
ment upon 436-nm irradiation of W(CNAr)s in neat pyridine
solution decreased greatly upon increasing the ligand sterics
from phenylisocyanide (Ar = Ph, ¢ps = 0.011) to 2,6-diiso-
propylphenylisocyanide (CNDipp, ¢ps = 0.003), indicating that
associative pyridine substitution occurs in the *W(CNAr)¢ re-
action.'”!® ~ Additionally, although 436-nm irradiation of
W(CNPh)s in CHCI; solution afforded the W seven-coordinate
product [WCI(CNPh)s]", similar irradiation of W(CNDipp)s in-
stead yielded the six-coordinate cation [W(CNDipp)s]".!"!®
Taken together, these findings indicate that the use of bulky 2,6-
isopropyl-substituted monodentate arylisocyanides likely
would provide enough steric protection to enable efficient
BHAS photocatalysis.

In prior work we demonstrated that three W(CNAr)s photo-
reductants exhibit extremely large two-photon absorption
(TPA) cross sections (8 >103 GM).% In the context of photore-
dox catalysis, near-infrared (NIR) two-photon excitation can be
used to generate reactive W(CNAr)s MLCT excited states with-
out competitive absorption or photoreactivity by the substrate.
Also of great interest is the emerging technology of two-photon
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Figure 1. [M(CNRArsNC)3]. (refs. 15,16) and W(CNAr)s homoleptic arylisocyanide photocatalysts.

photochemistry in nano- to microscale 3D printing, wherein
multiphoton-triggered free-radical polymerization creates
cross-linked polymeric materials with extremely high spatial
resolution (< 100 nm). 2! However, a current challenge for the
advancement of this field is discovery of new photointiators
with large TPA cross-sections.?'* Herein, we report large § val-
ues for eight additional W(CNAr)s photoreductants and demon-
strate their capacity to generate organic radicals upon two-pho-
ton ultrafast laser excitation. Of note, W(CNAr)s complexes are
capable of driving both one-photon visible and two-photon NIR
BHAS photoredox catalysis.

RESULTS AND DISCUSSION

W(CNAr)s One-Photon Photoredox Catalysis. In addition to
the parent complex, W(CNDipp)s, five representative photore-
ductants from two subsequent generations of W(CNAr)s com-
pounds were investigated. From the oligoarylisocyanide series,
we elected to explore W(CNDippPh®™?); and W(CNDipp-
PhOMe¥)s as the methoxy substituents impart greater solubility
in a variety of solvents. We also studied W(CNDippPh™)s to
see how a more radially extended aromatic system affects reac-
tivity. And finally, we included W(CNDipp®“PhoM¢)s and
W(CN-1-(2-"Pr)-Naph)s in our investigation, as they are very
strong photoreductants with among the longest excited-state
lifetimes of all W(CNAr)s complexes. Relevant properties of
the W(CNAr)s photocatalysts are set out in Table 1.

Previously reported ground-state electrochemical data for all
W(CNAr)s complexes in this study were collected under
slightly different conditions. For consistency in comparisons of
ground-state W™ and excited-state W*/*W? formal potentials,
we acquired cyclic voltammograms (CVs) for W(CNDipp)s,
W(CNDippPh®™e3)¢  and W(CNDippPh™)s under conditions

analogous to those for W(CNDipp““Ph°™¢)s and W(CN-1-(2-
Pr)-Naph)s (Supporting Information). The full CVs of these
complexes are typical of W(CNAr)s compounds,'?!°?? with re-
versible W™ couples exhibiting scan-rate dependences indi-
cating diffusion-controlled processes (Figures S138-S144).
The revised ground-state and excited-state formal potentials are
in Table 1. Because £° (W) values range from —0.42 to —0.56
V vs Fc", strong sacrificial reductants would be needed for
regeneration of W(CNAr)s in some photocatalytic cycles. For
that reason, we chose to explore BHAS organic reactions, as
they simplify photoredox cycles by obviating the need for sac-
rificial reductants.

As a starting point, we examined the intramolecular photore-
action of BHAS substrate 1-(2-iodobenzyl)-pyrrole (50 mM) in
the presence of ca. 5 mol % W(CNAr)s and 2 equivalents
(equiv) of 2,2,6,6-tetramethylpiperidine (TMP) in C¢D¢ (Table
2). Under similar conditions, Mo(CNRAr;NC); efficiently cata-
lyzed the reaction upon irradiation at 470 nm (14 W) for 1 h
(Table 2, entry 12).!5 Compared to this benchmark, 445-nm ir-
radiation (6 W) of the parent complex W(CNDipp)s for 1 h af-
forded 62% conversion to the cyclized product (by 'H NMR
spectroscopy; Table 2, entry 2). This conversion corresponds to
a turnover number (TON) of 11, demonstrating that
W(CNDipp)s is a photocatalyst for the BHAS reaction. A col-
orless crystalline solid, identified as 2,2,6,6-tetramethylpiperi-
dinium iodide [H-TMP][I], precipitated from solution within
seconds of commencing irradiation. After 1-h irradiation,
W(CNDipp)s was no longer present in the reaction mixture, as
confirmed by '"H NMR and UV-visible spectroscopic data. Ac-
cordingly, sample luminescence and further conversion were
not observed at longer irradiation times (Figure 2). Instead, free

Table 1. Properties of W(CNAr)s and Mo(CN®"ArsNC); Photocatalysts”

Photocatalyst Pz Ermax Rexc®
W(CNDipp)s” 465 95x10° 445
W(CNDippPhOMe)eb 495 13x10° 445
W(CNDippPhP)g? 506 1.6x105 445
W(CN-1-(2-Pr)-Naph)s¢ 500 57x100 445
W(CNDippCCPhOMe)se 518 1.6x105 445
Mo(CN®ArNC)3¢ 400 3.0x10° 470

Erexd T gor E°(WEO:  E° (WH/AWOYh
80x10* 0.2  0.03 -0.56 —2.84
67x10* 183 041 -0.53 268
75x10* 153 044 -0.52 ~2.60
46x10* 383 025 ~0.47 ~2.49
57x10° 1.8 0.78 ~0.42 243
27x10* 129 020 ~0.46 2.7

“Collected from deaerated room temperature toluene solutions. ?Data from ref. 10. ‘Data from ref. 12. “Data from ref. 15 (Amax, Eimax, and
€1,exe Were estimated from the plot in Figure 2 of this reference; 7 is the weighted average lifetime). ‘nm./M~' em™!. #ps. 7V vs Fcl*l. Ground-
state electrochemical measurements performed in tetrahydrofuran (THF) with 0.1 M ["BusN][PFe] supporting electrolyte.
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Table 2. One-Photon Photoredox Catalysis Mediated by W(CNAr)s Complexes®

W(CNAr); (ca. Y mol %) _ v |
©;/Q 2,2,6,6-TMP (ca. 2 equiv) B N
Ce¢Ds, RT, N,
50 mM hv (445 nm, 6 W)

Entry W(CNAr)s X Y Irrad Time (h) Conversion (%)” TON
1 W(CNDipp)s I 2.5 1 28 11
2 W(CNDipp)s 1 5 1 62 11
3 W(CNDipp)s 1 10 4 98 8
4 W(CNDipp)s Br 10 12 14 1
5 W(CNDippPhOMe3)¢ I 2.5 42 15
6 W(CNDippPhOMe3)¢ I 5 85 16
7 W(CNDippPhOMe3)s I 10 98 9
8 W(CNDippPh®Me2)s I 5 88 17
9 W(CNDippPh™)s 1 5 12 84 15
10 W(CN-1-(2-Pr)-Naph)s I 5 12 42
11 W(CNDipp®CPhOMe)4 I 5 12 24
12 Mo(CN™BUArsNC)3¢ I 5 1 100 20
13 Jac-Tr(ppy)3®*¢ I 5 1 4 1
14 W(CNAr)s I 5 c 0 0
15 None I 0 4 0 0

“Reactions performed in J-Young NMR tubes. Irradiation with a high-power blue diode laser. Reported results are from single run experi-
ments. See Supporting Information for precise reagent stoichiometries. *Substrate conversion calculated by relative integration of the 'H
NMR benzylic resonances of the product and starting material. “Sample stored in the dark at room temperature (RT) for 4 h. “Data from ref.
15. Irradiation with a 470 nm LED operating at 14 W. ¢Similar conversion observed when irradiated at 405 nm instead of 470 nm.

CNDipp and a new set of isopropyl resonances corresponding
to a diamagnetic deactivation product (vide infra) appeared in
the '"H NMR spectrum.?

We next explored the photoredox activities of second and
third generation W(CNAr)s complexes. Interestingly, despite
being a slightly weaker photoreductant, W(CNDippPhOMe3)g
was able to drive the BHAS reaction to 85% completion (TON
= 16) after 4-h irradiation (Table 2, entry 6). We found that
W(CNDippPh®™e2)¢ which has virtually identical ground- and
excited-state properties as W(CNDippPhOM®)4, 10 catalyzed the
reaction with similar efficiency (Table 2, entry 8). As occurs
during W(CNDipp)s photocatalysis, [H-TMP][I] precipitated
upon progression of the reaction, W(CNDippPh®¢??3)s com-
plexes were no longer present after 4-h irradiation, and deacti-
vation products appeared (isopropyl resonances attributable to
such products were observed in the 'H NMR spectrum).

In contrast to biarylisocyanide photocatalysis, 445-nm irradi-
ation of a BHAS reaction containing ca. 5 mol % W(CNDipp-
Ph™) for 4 h only reached 53% conversion (TON = 9; Figure
2). However, after 12-h irradiation, conversion to product was
about the same as that for W(CNDippPh®™¢2?), (Figure 2; Table
2, entry 9). Following this trend, reactions with photoreductants
W(CN-1-(2-Pr)-Naph)s and W(CNDipp““Ph®M¢) reached 28%
(TON = 5) and 13% (TON = 2) conversion after 4-h irradiation
(Figure 2); the yields increased to 42% (TON = 7; Table 2, entry
10) and 24% (TON = 4; entry 11) after 12 h. Importantly,
W(CNDippPh™)s, W(CN-1-(2-"Pr)-Naph)s, and
W(CNDipp“Ph™e)¢ were still present at the 12-h irradiation
point (as determined by 'H NMR, UV-vis, and the lumines-
cence of photoredox samples), suggesting that photocatalyst
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Figure 2. Time profiles of the BHAS photoredox reaction cata-
lyzed by W(CNAr)s employing one-photon 445-nm excitation.
Dotted and dashed lines, which are provided as guides for the eye
only, represent ca. 5 and 10 mol % W(CNAr)s photocatalyst load-
ing, respectively. Color/marker code: W(CNDipp)s (orange; solid
circle), W(CNDippPhOMe3})s (green; solid square), W(CNDipp-
PhOMe2)¢ (brown; diamond), W(CNDippPh™)s (blue; triangle),
W(CN-1-(2-Pr)-Naph)s (red; open circle), W(CNDipp®“PhOMe)q
(gray; open square).

decomposition did not limit conversion.

Although their efficiencies were somewhat lower than that
for Mo(CN™*Ar;NC); at a similar catalyst loading, all investi-
gated W(CNAr)s complexes were active photoredox catalysts.
Owing in part to more negative excited-state potentials, they
performed better than fac-Ir(ppy)s (Table 2, entry 13).1° We em-
phasize that monitoring substrate solutions in the absence of
W(CNAr)s or light confirmed that both components were es-
sential for photocatalysis (Table 2, entries 14 and 15).
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Given the favorable results obtained with W(CNDipp)s and
W(CNDippPh®™e3)¢, we investigated the effect of photocatalyst
loading on reaction conversion. Decreasing the W(CNAr)g
loading by half reduced the conversion by half, albeit with com-
parable TONs (CNDipp: Table 2, entry 1; CNDippPh®™<: entry
5).* Alternatively, doubling the loading to ca. 10 mol % af-
forded near quantitative substrate conversion (CNDipp: 98%,
Table 2, entry 3; CNDippPh®™<: 98%, entry 7). Consistent with
the high yield achieved with ca. 5 mol % W(CNDippPhOM)g,
a substantial amount of photocatalyst was present (by 'H NMR
spectroscopy) upon reaction termination.

Encouraged by the above results with 1-(2-iodobenzyl)-pyr-
role, we turned our attention to the analogous bromo substrate,
1-(2-bromobenzyl)-pyrrole. Subjecting this substrate to photo-
redox catalysis conditions with ca. 10 mol % W(CNDipp)s
loading yielded 14% conversion after 12-h irradiation (Table 2,
entry 4). For comparison, *Mo(CN®*Ar;NC);, a ca. 100 mV
weaker photoreductant, only reached 7% conversion after 18-h
irradiation.!’ These results are consistent with reductive dehalo-
genation by *W(CNAr)s as the initial step in the photodriven
BHAS reaction (vide infra), as aryl bromides are more difficult
to reduce than aryl iodides. Moreover, there was a substantial
amount of W(CNDipp)s remaining after 12-h irradiation, indi-
cating that performance was not limited by catalyst decomposi-
tion.

To gain further insight into the above trends among conver-
sion efficiency, irradiation time, and E° (W'/*W?), we con-
ducted  Stern-Volmer quenching experiments using
W(CNDipp)s, W(CNDippPh®™)s, and W(CN-1-(2-"Pr)-
Naph)s as representative complexes. Although we previously
collected photophysical and photochemical data for W(CNAr)e
in toluene and THF solution, we performed Stern-Volmer ex-
periments in benzene solution to mimic the photoredox cataly-
sis conditions as closely as possible and minimize side reactions
with intermediate aryl radicals. As the steady-state absorption
and luminescence spectra of W(CNDipp)s, W(CNDipp-
PhOMe3)s and W(CN-1-(2-"Pr)-Naph)s in benzene and toluene
are nearly identical (Figures S21-S23), we anticipated the ex-
cited-state dynamics would also be very similar in the two sol-
vents. Indeed, transient absorption (TA) spectra showed that
*W(CNAr)s reagents were generated in benzene solution fol-

lowing excitation, and data obtained from time-resolved lumi-
nescence decays and TA bleach recoveries (*W(CNDipp)s: 116
ns; *W(CNDippPh®M3)s: 1.76 us; *W(CN-1-(2-'Pr)-Naph)s:
3.65 ps) confirmed that the lifetimes were comparable to those
in toluene solution (Table 1; see Supporting Information for de-
tails).

Substrate 1-(2-iodobenzyl)-pyrrole quenched the lumines-
cences of *W(CNDipp)s, *W(CNDippPh®™*)s, and *W(CN-1-
(2-'Pr)-Naph)s with varying rate constants (kq) 6.2 x 107, 1.3 x
107, and 2.2 x 105 M ! s7! (Table 3; Figures S133-S136). Nota-
bly, these kq values are in line with electron-transfer driving
forces (AG®gr) for reduction of the iodoarene substrate (approx-
imated as E° (Ph—17) ~ —2.64 V vs Fc["! for iodobenzene;?
Table 3). In photoreactions in solutions with 50 mM quencher,
the longer lifetimes of *W(CNDippPh®M#)s and *W(CN-1-(2-
'Pr)-Naph)s account for relatively high initial quenching yields
(¢q; Table 3).

We also found that 1-(2-bromobenzyl)-pyrrole quenched the
luminescence of *W(CNDipp)s in benzene solution (Figure
S134): kq (8.6 x 10° M™! s7!) was nearly an order of magnitude
smaller than that for 1-(2-iodobenzyl)-pyrrole, as expected for
a reaction with lower driving force [*W(CNDipp)s: E°
(W/*W? = —2.84 V vs Fc["; aryl bromide substrate: approx-
imated as E° (Ph-Brl”J) ~ —-2.84 V vs Fc[* for bromoben-
zene;? Table 3)]. Unsurprisingly, ¢4 for the bromo substrate
was much lower than that for 1-(2-iodobenzyl)-pyrrole (Table
3).

The W(CNAr)s version of Wenger’s mechanism for Mo(CN*
BuAr;NC);-mediated BHAS photoredox catalysis is shown in
Figure 3. Following 445-nm excitation of W(CNAr)s,
*W(CNAr)g rapidly reduced the substrate. The quenching reac-
tion generated [W(CNATr)s] © along with halide and the corre-
sponding organic aryl radical. After intramolecular cyclization
of the latter, which likely occurred very rapidly, reduction of
[W(CNATr)6] " by the pyrrole-based radical regenerated the start-
ing W photocatalyst. In the final step, deprotonation of the tri-
cyclic organic cation by TMP yielded the cyclized product and
[H-TMP][X], closing the productive cycle. The consumption of
W(CNAr)s during turnover suggests that a decomposition reac-
tion competed with reduction of [W(CNAr)s] * by the pyrrole-
based radical. Moreover, conversion efficiencies did not track

Table 3. Stern-Volmer Quenching Constants and Reaction Driving Forces*

W(CNAr)g Quencher kq®

bq® Conversion?  E° (Ph-XI%)fg £ (WH*WO)f  AG°g"

I
W(CNDi - 6.2x 107
(CNDipp) LD o
Br
W(CNDipp)g ©/\/ @ 8.6 x 10°
N
I
W(CNDippPhOMe3), (:[/ @ 13107
|
A-(2-Pr)- = 6
W(CN-1-(2-Pr)-Naph)s (:/]\/@ 22x10

0.27 62% -2.64 -2.84 -0.20
0.05 3%° -2.84 -2.84 0

0.54 59% -2.64 -2.68 -0.04
0.30 13% -2.64 -2.49 +0.15

“Stern-Volmer quenching experiments performed in deaerated room temperature benzene solutions. M~ s7!. “Initial quenching yields for a
substrate concentration of 50 mM. After 1-h irradiation (445 nm, 6 W) of photoredox reactions with ca. 5 mol % W(CNAr)e loading. ¢ca.
10 mol % W(CNDipp)s loading. /V vs Fcl*'). #£Reduction potentials for iodobenzene and bromobenzene reported in V vs SCE in ref. 25 were
converted to V vs Fc["% using the approximation £° (Fcl7%1) = +0.4 V vs SCE. "eV.
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Figure 3. Proposed mechanism of BHAS photoredox catalysis in benzene solution mediated by W(CNAr)s complexes. Productive catalysis
pathways are shown as black arrows; unproductive back-reaction and deactivation pathways are indicated with red arrows. Electron-transfer
quenching of *W(CNAr)e involves formation of a precursor complex (equilibrium constant K) followed by concerted electron transfer and
C—X bond cleavage (rate constant *ket). The observed quenching rate constant is kq = K*ket. lon-pair separation from solvent cages (blue
ellipses) is unfavorable in benzene; only the neutral organic radical is likely to escape the solvent cage after quenching. Adapted in part with

permission from ref. 15. Copyright 2019 American Chemical Society.

with ¢, indicating that there were additional loss pathways.

Given that ground-state W(CNAr)s{ ™ formal potentials
range from —0.42 to —0.56 V vs Fc["% the AG®gr values associ-
ated with reduction of [W(CNATr)s]* by the intermediate tricy-
clic organic radical also will vary, leading to different rates of
W(CNAr)s regeneration, which in turn likely account for differ-
ent rates of photocatalyst deactivation via nucleophilic attack of
[W(CNAr)s]" by the halide anion liberated in the reductive
dehalogenation step (vide infra).

The BHAS reactions photocatalyzed by W(CNAr)s com-
plexes are consistent with our amended version of Wenger’s
mechanism. Under a uniform set of reaction conditions (Figure
2), two differences are apparent among the W(CNAr)s com-
plexes: (i) conversion rates tend to decrease as the *W(CNAr)
reducing power decreases; and (ii) conversion yields are highly
variable. The initial 1-(2-iodobenzyl)-pyrrole quenching yields
for W(CNDipp)s, W(CNDippPh®™=)s, and W(CN-1-(2-"Pr)-
Naph)s are > 25% and bear no relationship to conversion rates.
Slow conversion in the presence of efficient quenching is a hall-
mark of competition between back reaction and cage escape af-
ter quenching. Back reaction is unexpected since reduction of
aryl iodides is believed to involve concerted electron transfer
and C-1 bond cleavage.? Of relevance here, however, is the re-
port by Savéant that less than unit product-formation quantum
yields for concerted C—X bond cleavage can occur during pho-
totriggered reductions of aryl halide substrates.?® Competition
between back reaction and cage escape after quenching can ra-
tionalize our observation that slower conversion rates correlate
with higher back-reaction driving forces (increasing E°(W)),

Low cage-escape efficiency likely is responsible for the
twenty-fold reduction in product conversion with 1-(2-bromo-
benzyl)-pyrrole compared to the aryl iodide. A factor of 5.5 was
expected on the basis of ¢q4. In contrast to aryl iodides, reduction
of aryl chlorides and bromides is thought to proceed via a two-

step mechanism with an intermediate radical anion.? It is likely,
then, that the large reduction in product conversion with the aryl
bromide substrate is due to less efficient quenching coupled
with rapid back reaction between [W(CNAr)s]" and [Ar-Br]*"
prior to radical escape from the solvent cage..

The variations in conversion efficiencies and W(CNAr)s con-
sumption during catalysis indicate that a [W(CNAr)s]” decom-
position pathway competes with productive reaction between
the cation and the intermediate aryl radical. W(CNDipp)s
reaches limiting 62% conversion and full W consumption after
1 h (or less) of irradiation, indicative of a high radical cage-es-
cape yield and rapid [W(CNDipp)s]” decomposition. Doubling
the W(CNDipp)s loading leads to higher conversion because
more time is required to deplete the W(CNDipp)s complex.
W(CNDippPhOM3)s W(CNDippPh®M¢?)s, and W(CNDipp-
Ph™) achieve higher conversions (> 80%) than W(CNDipp)s,
albeit more slowly, consistent with diminished radical cage-es-
cape yields after quenching, but more favorable competition be-
tween [W(CNAr)s]" decomposition and reduction. Low radical
cage-escape efficiency after quenching slows photocatalysis
with  W(CN-1-(2-Pr)-Naph)s and W(CNDipp®“PhO®M®)s to the
point that limiting conversion is not reached after 12 h of irradia-
tion.

Two-Photon Photoredox Catalysis. All investigated
W(CNAr)s complexes displayed photoluminescence upon
femtosecond-pulsed 810-nm excitation; and *W(CNAr)s emis-
sion spectra obtained following one- or two-photon excitation
were virtually identical (Figure 4), confirming that the same
long-lived excited triplet *MLCT) photoreductant was gener-
ated in both cases. In 2-methyl THF solution, W(CNDipp-
PhOM23)¢ and W(CNDippPh™)s exhibited very large two-pho-
ton absorption cross sections [6 = 1000-2000 GM (1 GM = 10~
% cm* s photon™' molecule™)] upon excitation at 812 nm.?* We
have extended this work to include TPA cross sections for all
three generations of W(CNAr)s complexes in toluene solution
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Figure 4. Stacked luminescence spectra collected upon one-photon
(top) and two-photon (810 nm; bottom) excitation of W(CNDipp)s
(orange; solid trace), W(CNDippPh®Me3)¢ (green; dotted trace),
W(CNDippPh™)s (blue; dashed trace), W(CNDippCPhOMe)s
(gray; dotted-dashed trace), and W(CN-1-(2-"Pr)-Naph)s (red; dou-
ble dotted-dashed trace) in room temperature toluene solution. For
the bottom spectra, the signal at 810 nm corresponds to scattered
excitation light from the femtosecond-pulsed Ti:Sapphire laser.

(810-nm excitation; Table 4). As § values for [Ru(bpy)s]** (bpy
= 2,2’-bipyridine; 8z12 = 7 GM)® and fac-Ir(ppy)s (8s00 = 20
GM)?" are orders of magnitude smaller at similar wavelengths,
our scalable tungsten complexes have the potential to displace
ruthenium and iridium photosensitizers in two-photon biologi-
cal imaging, photodynamic therapy, and photoredox catalysis
applications (vide infra).

Table 4. Two-Photon Absorption (TPA) Cross Sections of
W(CNAr)s Complexes”

W(CNAr)s ds10 (GM)
W(CNDipp)s 230 + 14
W(CNDippPh)s 1000 + 220
W(CNDippPhOMe2)s 1100 + 130
W(CNDippPhOMe3)g 970 + 96
W(CNDippPhPhs 1900 + 280
W(CNDippCCPhOMe)q 1100 + 70
W(CNDipp<Ph)s 1100 160
W(CNDipp®C-1-Naph)s 1100 = 180
W(CNDipp©©-9-Phen)s 1100 = 160
W(CNDippCPhN)s 480 + 50
W(CN-1-(2-Pr)-Naph)s 180 + 40

aCollected from complexes in deaerated room temperature toluene
solution: fs-pulsed 810-nm excitation (Ti:Sapphire laser); the dsi0
values are an average of three measurements.

In our exploration of two-photon BHAS photocatalysis, we
employed conditions that were optimal for one-photon reac-
tions, namely ca. 10 mol % loading of W(CNDipp)s or
W(CNDippPh®™e3)s. We found that both complexes catalyzed
BHAS of 1-(2-iodobenzyl)-pyrrole upon fs-pulsed 810-nm irra-
diation, with 56% (TON = 5) and 33% (TON = 3) conversion
observed for W(CNDipp)s and W(CNDippPh°M®)s after 12-h
irradiation in C¢Ds solution, respectively (Table 5). Owing to
differences in laser power and two-photon cross sections, the
W(CNDippPhOMe)¢ excitation rate was 1.7 times that for
W(CNDipp)s. The higher W(CNDipp)s conversion efficiency
with a nearly two-fold lower excitation rate is consistent with a
lower cage-escape yield for W(CNDippPhe)g,

Table 5. Two-Photon NIR Photoredox Catalysis Mediated
by W(CNDipp)s and W(CNDippPh®" )¢ Complexes”

S W(CNADs (ca. 10 mol %) 7
> N
Q 2,2,6,6-TMP (ca. 2 equiv)

CgDg, RT, N,
50 mM hv (810 nm)
Irrad Time Conversion
W(CNAr)s (h) %) TON
W(CNDipp)s 12 56 5
W(CNDippPhOMe3)g 12 33 3

“Irradiation with a fs-pulsed Ti:Sapphire laser. Substrate conver-
sion calculated by relative integration of the 'H NMR benzylic res-
onances of the product and starting material.

In related work, Rovis and co-workers reported that Os"
polypyridines function as NIR photoredox catalysts.?®** Inter-
estingly, the reactive Os" MLCT states can be generated via
one-photon So — T NIR excitation. It also is worth noting that
photoredox® and photoisomerization®! reactions can be trig-
gered by triplet fusion NIR-to-visible upconversion.

WI(CNAr)s Deactivation Products. We observed that
W(CNAr)s complexes were consumed during catalytic photo-
redox reactions involving haloaryl substrates. Concomitantly,
new sets of diamagnetic isopropyl resonances appeared in 'H
NMR spectra. While one set of resonances was assignable to
uncomplexed CNAr, we suspected that the other set belonged
to an uncharged, C¢Ds-soluble tungsten complex. We therefore
set out to synthesize and characterize one or more deactivation
products and establish whether such species could re-enter pho-
tocatalytic cycles.

On pursuing the aforementioned products, we found that stoi-
chiometric photoreduction of iodobenzene by *W(CNDipp)s in
room temperature benzene solution proceeded over the course
of several hours with loss of sample luminescence to yield a
new diamagnetic tungsten arylisocyanide complex (Scheme 1).
Of relevance is that the UV—vis and 'H NMR spectra of this
new compound matched those acquired at the termination of
W(CNDipp)s-mediated photoredox catalysis (Figures S47—
S49). Following crystallization by slow evaporation of a con-
centrated benzene solution, seven-coordinate WI,(CNDipp)s
was isolated in 95% yield (XRD structure; Figure 5).

The geometry of WI,(CNDipp)s in the solid state approxi-
mates a capped octahedron, where one CNDipp serves as the
capping ligand to the tris(CNDipp) face, and the uncapped face
is occupied by the remaining CNDipp and two iodide ligands.
In this regard, its structure is analogous to that of
WI(CO)(CN'Bu)s,*? wherein the carbonyl ligand caps the
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Scheme 1. Synthesis of WI2(CNAr)s Complexes

CNAr | ArNC CNAF
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Figure 5. Structure of crystalline WI2(CNDipp)s with thermal el-
lipsoids set at 50% probability. Isopropyl groups are presented as
wireframes and hydrogen atoms omitted for clarity. Atom color
code: W, teal; I, purple; N, blue; C, gray.

tris(CN'Bu) face of the octahedron. Interestingly, as in
WI(CO)(CN'Bu)4, the weakly bound isocyanide (based on its
relatively long W—C bond) in WI(CNDipp)s resides in the un-
capped face. It is worth noting that while the related compounds
MoX,(CN-p-tolyl)s (X = Cl, Br) have been reported,’> com-
plexes of the composition MX,(CNR)s (M = Mo, W; X = hal-
ide; R = alkyl or aryl) have seldom been spectroscopically or
structurally characterized.** Seven-coordinate M (M = Mo, W)
homoleptic isocyanides [M(CNR);][X]2,!>** mixed halide-iso-
cyanides [MX(CNR)g][X],!?351h136 and mixed halide-isocya-
nide-carbonyls MX»(CO)s.,(CNR), (y = 2-4)>"37 are more
common. The W-I and W—C bond lengths in WI,(CNDipp)s
fall within the range observed for structurally characterized co-
ordination compounds of this latter type.

In room temperature C¢Ds solution, WI,(CNDipp)s displayed
a single set of 'H and '*C NMR resonances for the CNDipp lig-
ands, suggesting that the isocyanides exchange rapidly on the
NMR timescale. Such fluxionality is typical of related seven-
coordinate (halide-)isocyanide M" complexes (M = Mo, W).>*
WI(CNDipp)s also exhibited a broad, intense v(CN) stretch
centered at 2050 cm™!, intermediate between that of uncom-
plexed CNDipp (2114 cm™) and W(CNDipp)s (1938 cm™),
consistent with attenuated -back-donation from the W' center.
Although WI,(CNDipp)s absorbs fairly strongly in the region
300-500 nm (&, max ~ 10* M~ cm™, Figures S24-S28), the com-
plex did not luminesce when excited at 445 nm, as expected
from the observed loss of W(CNAr)s luminescence during pho-
toredox catalysis.

As with W(CNDipp)s, photoreduction of iodobenzene by
*W(CNDippPh®®)s in benzene solution formed a product
(~95% isolated yield) with UV—vis and 'H NMR spectroscopic
signatures reminiscent of those observed in the corresponding
post-photoredox catalysis reaction mixtures. Despite numerous
attempts, single crystals of the product suitable for XRD analy-
sis could not be grown. However, because it shares similar
"H/"3C NMR, UV-vis, IR, and CV data with WI,(CNDipp)s, we
suggest that this new complex is WI,(CNDippPh®™<3); (Scheme
1).

CVs of WI(CNDipp)s displayed quasi-reversible oxidation
and irreversible reduction waves at —0.07 and —2.31 V vs Fc["0,
respectively (Figure 6), with relative integration revealing that

twice the amount of charge was passed in the latter. We there-
fore assign these as 1-electron W3*271 and 2-electron W% re-
dox events. In this regard, the electrochemical behavior mirrors
that of related [M(CNPh),]** (M = Mo, W) and [MoI(CNPh)s]"
complexes.!?23 Of interest is that oxidation and reduction of
WIL(CNDipp)s occurred at more negative potentials, in line
with replacement of uncharged m-accepting arylisocyanides by
anionic iodide ligands to yield an overall neutral complex. Ex-
trapolation of [M(CNPh),]** and [MoI(CNPh)s]* formal poten-
tials also indicated that E° (WE*2*) and E,.° (W) will be
similar to those experimentally determined for WI,(CNDipp)s
(Supporting Information, Table S6).

{

R — N
-2.8 -26-24-22 -2 -18-16-14-12 -1 -08-06-04-02 0 02 04
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Figure 6. Cyclic voltammograms of WI2(CNDipp)s at a scan rate
of 100 mV s™! in THF with 0.1 M ["BusN][PFs] supporting electro-
lyte (vs Fcl*®1), Cycles 1 and 2 (lower CVs) are depicted as solid
black and dotted red traces, respectively.

Scanning cathodically from the WI,(CNDipp)s W™ feature
produced oxidation waves in the return scan that could not be
reliably assigned (Figure 6, bottom). At more negative poten-
tials, an irreversible cathodic event at —3.3 V (vs Fc["®) attribut-
able to CNDipp-based reduction was observed (Figure S145).
The CVs of WI,(CNDippPh®M#)s are analogous to those of
WIL(CNDipp)s, displaying quasi-reversible W21 and irre-
versible W2 features at —0.06 and —2.35 V, respectively (Fig-
ure S148).

Attempts to regenerate W(CNDipp)s from WI(CNDipp)s
electrochemically ~were unsuccessful,*® as CVs of
WIL(CNDipp)s collected in the presence of excess CNDipp (up
to 51 equiv) did not reveal a well-defined W(CNDipp)s"" wave
upon scanning cathodically of the irreversible WY couple.
However, Na(Hg) reduction of WI,(CNDipp)s, followed by ad-
dition of CNDipp, regenerated W(CNDipp)s (supported by
UV-vis and '"H NMR data; Figures S149-S151).

In summary, W(CNAr)s complexes catalyze 1-(2-iodoben-
zyl)-pyrrole BHAS upon either one-photon (visible) or two-
photon excitation, with the latter representing a unique ap-
proach to NIR photoredox catalysis. Our proposed photochem-
ical model (Figure 3) suggests that the rate of catalysis is slowed
by charge recombination within the solvent cage, owing to lim-
ited ion-pair separation in low dielectric solvents. Overall cata-
lytic turnover is limited by deactivation pathways, among them
the production of WI,(CNAr)s. Such pathways could be disfa-
vored by more polar solvents or the addition of salts,’ to pro-
mote escape of [W(CNAr)q]™ from iodide in the solvent cage.
Finally, owing to exceptional TPA cross sections and excited-
state reduction potentials, W(CNAr)s complexes might define
an important new class of photoinitiators for 3D lithography ap-
plications.
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