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ABSTRACT: Asymmetric isotopic labelling of parallel and Vides synthetic versatility and a well-defined directionality of
. . . . 14
identical electron or energy transfer pathways in symmetrical €lectron transfef.
molecular assemblies is an extremely challenging task owing to L1
to v(CC) kg CO,Et

the inherent lack of isotopic selectivity in conventional synthetic ” SV(BCISC) ( L
methods Yet, it would be a highly valuable tool in the study and Yay
control of complex light-matter interactions in molecular systems Tl

7

by exclusively andnorintrusively labelling one of otherwise o n

identical reaction pathways, potentially directing charge andene . Ve © C/CC) Q Q
gy transport along a chosen path. Here we describe the first sele

tive synthetic route to asymmetrically labelled organometallic PRT) ERTY R

compunds on the example of charge transfer Pt(Il) cis-acetylide v(C7C) v("CC) rR-cH,
complexes. We demonstrate selecti¥@ labelling of one of two PM ptols e=12C,*=1C
acetylide groupsWe further show that such isotopic labelling ORI ’SN
successfully decouples the twgC=C) in the midiR region Vomremt € C/CTC) R=-CHPTZ [ 1)
permitting independent spectroscopic monitoring of two rethe PTZu s
wise identical electron transfer pathways, along’f="*C and
_the_13(_3513C coordinates. Quantum-mechanical mixing leads to 5000 2050 2100 2150
intriguing complex features in the vibrational spectra of sueh sp I

cies which we successfully model by full-dimensional anharmon Wavenumber / cm

cally corrected density functional theory calculations, despite the Figure 1. Left - Comparison of the FTIR spectra of all complexes
large size of these systems. The synthetic route developed anth dichloromethane solution at r.t. Right - Isotopic labeling
demonstrated herein should lead to a great diversity of asymme scheme for Pt((CgEt),bpy)(C=C-p-GH4+-R),

ric organometallic complexes inaccessible otherwise, opening up

a plethora of opportunities to advance fundamental understanding 1his framework affords the possibility of having two indisti
and control of light-matter interactions in molecular systems. guishable, parallel electron transfer pathways: an ideal target for

——PTZ-de =*=13C
—— PTZ-se=12C*=13C
—— PTZue=*=1C

asymmetric isotopic labeling.h€ P{(ll) diimine cis-bis acetylide
complex PTZ-u (Figure 1)* has been specifically chosen as a
well-studied, modeHonorbridge-acceptor system that has been
Methods for controlled asymmetric synthesis are a key part of SNown to undergo photoinduced electron trarfsféin PTZ-u,
the modern chemist’s toolkit. In particular, selective isotopiclsu WO equivalent phenothiazine (PTZ) electron donors are goord
stitution provides a chemically ndntrusive “contrast agent” for nated to the Pt(ll) center via a phgnyl-acgtyllde moiety. Substit
precise identification of reaction pathways in a broad range of tion of one acetylide unit for '@CE_ C equivalent should deae
(bio)chemical systems. Many such systems, ranging from light- ple the acetylide V|br_at|ons, e_1IIO\_N_|ng them to _be distinguished _by
harvesting complexes to dendritic molecular wirgssessnul- IR spectroscopy, without significantly altering the electronic
tiple identical parallel electronic energy transfer pathways. This Properties of the electron donors.
property is known to give rise to complex interactions, governing  Synthetically, labelling only one of the two donor arms posed a
the overall efficiency of electron or energy trangfesotopic significant challenge, as a consequence of a lack of any known
labeling one of otherwise identical pathways would be an ideal synthetic procedure whereby only a single acetylide can by ligated
method to explore these phenomena. However, this preaents to Pt(ll) diimine dichloride:*®
significant challenge, as conventional synthetic methods do not A number of asymmetric complexes, which bear chemically
generally allow isotopic selectivity. Here, we present the first gistinct acetylides, have been reported recérfly® The general
synthetic route to asymmetrically isotopically labeled transition gynthesis of these uses a molar equivalent of the two different
metal ac?tsy_lide complexes. Electron transfer, a process ubiquitoug,cetylide ligands, resulting in a statistical mixture of the three
in nature;™ is one the most interesting and challenging to unde  ossible products in a 1:2:1 ratio, with the desired mixed acetylide
stand and control. Dondsridge-acceptor molecular architectures complex isolated by column chromatography. This approach
are ideal platform to study electron transfer. In particular, the \yorks well for two chemically distinct acetylides, yet cannet b
square planar coordination environment in Pi(ll) complexes pr  ysed to obtain complexes possessing isotopically labelled but



otherwise chemically identical acetylides. A different synthetic
strategy is clearly required.

Scheme 1. Synthesis of **C Labeled Pt(I1) Complexes
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Here, we present a controlled synthetic strategy to such-asy
metric complexes, proceeding via an asymmetric bis-acetylide
intermediate (Scheme %a & b).

The PTZ acetylide ligand3a,b were synthesized according to
a modified literature methddrom commercially available star
ing materials (detail in Supporting Information). The key ingrm
diates, asymmetric complexes, were prepared fromd (Scheme
1) and isolated from the resulting statistical mixture by column
chromatography. The primary requiremeut this intermediatesi
for only one of the acetylide ligands to begerminal functional
group which can be easily modified to attach the desired final
substituent. The ideal candidate would be a proton, as it can b
coupled directly via Sonogashira coupling and is readily aecess
ble via deprotection of dles;Si-intermediate. This approach,
ubiquitous in organic synthetic methodology, was also sucdessfu
ly employed to synthesi Fe(ll) mono-acetylide complexé%?°
However, in this instance the resultant terminal CC-H complex
decomposed rapidly and could not be isolated

Our alternative route froré to the products employs a sinaslt
neous deprotection - cross coupling in dry THF, with one eguiv
lent of tetrabutylammonium fluoride (TBAF) as the deprotection
agent and a 3-fold excess of the appropriate aryliodide, @n a
proach used in synthesis of organic polyacetylfddzurification
by column chromatography resulted in analytically pBieZ-s
andp-tol-sin high yields. To the best of our knowledge this is the

50% *synthesis of PTZ-u in Supporting Information

Reduced mass analysis predicts the singly labeled complex,
PTZ-s, to exhibit two separate bands in the acetylide region of the
IR-spectrum: one(**C='"C) mode at approx. 2120 ¢hand one
v(**c=C) mode at ca. 80 cfhlower energy to 2040 cfa In-
deed, DFT calculations within the harmonic approximapog
dict that the two modes are de-coupled and that 2123 and 2040
cmt are the expected frequencies when appropriate scaling fa
tors are used to correct for anharmonicity. However, IR spectra
solid-state and solution-phase reveal three clear bands in this same
region, at 2122, 2051 and 2083i. The two lower energy bands
appear at almost the same frequencies as the two bar@EZer

&, and the single higher energy band appeasssatilar frequa-

cy to that of the symmetric acetylide stretch of B¥eZ-u. Fur-
thermore, a singly®C-labelled tolyl analogp-tol-s, synthesized

via the same route, shows an even more complex four-bard stru
ture in the acetylide region (Figure 1) with maxim&521, 2050

2030 and 202¢m*. The precise origin ahe multiple band stru

ture in the IR-spectra of the singly-labeled complexes observed in
solution and in solid state is not clear a pri@mne possible cause
may be higher-order anharmonic couplings between intramolec
lar fundamental modé3.

To account for anharmonic effects, calculations were pe
formed using full-dimensional Generalized Vibrational Pedurb
tion Theory to second order (GVPT2), which includes vibrational
anharmonic coupling The GVPT2 method in combination with

first reported example of a simultaneous deprotection/Sonogashirgne B3LYP functional has been found to reproduce the IR spectra

coupling of an acetylide group bound to a transition metal centre,
and of such coupling to &°3ow transition metal bis-acetylide.

The “fully labeled” symmetric complex PTZ-d bearing®*C as
all four acetylide carbons,nd the unlabeled compleRTZ-u
were prepared according to the standard procédTine. purity of
the products was ascertainedbyand®*C NMR, elemental arta
ysis, high-resolution mass spectrometry.

Isotopic substitution successfully distinguishes the awey/-
lide groups, as is evident from IR absorption spectra in solution
and in the solid state. The acetylide region (2000-2168) @h
the spectras shown in Figure 1. The full spectra are available in
the SI. The FTIR spectrum of the unlabeled com@&@Z-u
shows typical to cis-acetylides two overlapping vibrational bands
corresponding to the symmetric and asymmetric combinations of
v(CC), at 2127 and 211&m* respectively, which are in good
ageement with previously reported vallieand with the values
obtained from Density Functional Theory (DFT) calculations
within the harmonic approximatior2129 and 2116 cri™, resp.)
The fully *°C labeled comple®TZ-d shows a similar vibrational
pattern with the expected shitb lower energies2052and 2031
cm?, and a slightly larger difference between the energies of the
symmetric/asymmetric combinations.

of organometallic complexes with a very high degree of aecur
cy.2* Calculations were performed for both the full comphaZ-

s (113 atoms, 333 modes) and for a truncated version (ester
groups removed) of thg-tol-s complex (53 atoms, 153 modes) in
Gaussian 08°To our knowledge, these represent the largest such
calculations presently documented in the literature.

PTZ-s
p-tol-s

i’

2000

Intensity (arb. units)

2100 2150

1

2050

Wavenumber / cm™
Figure 2. Experimental FTIR spectra (lines) and calculated
(B3LYP/SDD[P1]6-311G(d,p)[H,C,N,O,P,S]/PCM with GVPT2)
anharmonic fundamental (filled sticks) and combination (empty
sticks, rel. intensity >1%) vibrational modes BT Z-s (red), p-
tol-s (green) The calculated peak positions are shifted to match
the experimental frequency v(*’C=1C).



Seleced results of the anharmonic calculations are showngn Fi

funding; and Prof. V. Barone, Prof. J. Tennyson, and Dr. C.

ure 2; full calculated spectra, diagrams of the vibrationalneige Latouche for discussions and advice.

vectors, and animations of all the modes discussed are given in
the Sl. The calculationsf PTZ-s predict the presence of ame
bination mode of significant intensity that involves two fand
mental modes centered on the ring and PTZ parts of the Iabeleél)
ligand, calculated to be only2 cm? lower in energy than the 2)
v(**c="C) fundamental. The calculated intensity of the eorr
sponding combination mode centered on the unlabeled acetylidg3)
ligand is almost 0. The calculations unambiguously support the
assignment of the experimental IR band at 2033 tna near- @
resonant combination mode that borrows intensity from the
v(*c=C) fundamental at 2051 ¢ through quantum-
mechanical mixing.

For p-tol-s the calculations are marginally less computationally (6)
intensive, but the band structure is significantly more coniplica
ed. In this case, a total of four combination bands, spannithg bo
acetylide ligandsand the v(*3c="%C) fundamental contribute to  (7)
the band shape in the 2000-2070cregion. The combination 8
modes couple to, and borrow intensity from the v(**C="*C) fun- ®
damental vibration, leading to the four peak pattern seen in the(g)
FTIR of p-tol-s.

In summary, we report the first synthetic route to selectively (10)
asymmetrically isotopically labelled transition metal bis-acetylide
complesxes bearing®*C labels on a single acetylide moiety. The (1)
key feature of the method is implementation of a simultaneous ;)
deprotection/Sonogashira couplingaofMS-acetylide bound to a
transition metal centréThis new strategy has been demonstrated (13)
by synthesizing asymmetric 'Picis-acetylides in a controlled
manner and in high yieldAsymmetric substitution led to a e (14)
plex vibrational spectral pattern, which has been assigned-
biguously by using statef-the-art DFT calculations taking into
account anharmonic coupling at a scale attempted never before.

Lifting the spectroscopic degeneracy of this system in the mid-
IR through isotopic labeling affords precise structural selectivity
over two otherwise identical electron transfer pathways. This (16)
feature could enable unprecedented insight into the factors tha
govern electronic energy transfer in complex molecular systems,(17)
and allows one to explore new quantum control strategies over
molecular function. Furthermore, this synthetic method should be
applicable to a broad range of systems through the judicious(18)
choice of synthetic intermediates, providing a new approach to
asymmetric organometallic complexes.
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TOC Synopsis:

Asymmetric isotopic labelling of parallel and identical electron or engegsfer pathways in symmetrical molecular assemblies is an
extremely challenging taskVe describe in this paper the first selective synthetic route to asymeatfigttabelled organometallicom-
pounds, using charge transfer Pt(ll) cis-acetylide complexes, themlettive*C labelling of one of two acetylide groups. Experimental
and computational FTIR is used to elucidate an unusual quantunamieadhmixing phenomena of the decoupled acetylide vibrations.



